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Abstract 
The impacts on the environment from human activities are of increasing concern. 
The need to consider the reduction in energy consumption is of particular interest, 
especially in the construction and operation of buildings, which accounts for between 
30 and 40% of Australia’s national energy consumption. Much past and more recent 
emphasis has been placed on methods for reducing the energy consumed in the 
operation of buildings. With the energy embodied in these buildings having been 
shown to account for an equally large proportion of a building’s life cycle energy 
consumption, there is a need to look at ways of reducing the embodied energy of 
buildings and related products. 
Life cycle assessment (LCA) is considered to be the most appropriate tool for 
assessing the life cycle energy consumption of buildings and their products. The life 
cycle inventory analysis (LCIA) step of a LCA, where an inventory of material and 
energy inputs is gathered, may currently suffer from several limitations, mainly 
concerned with the use of incomplete and unreliable data sources and LCIA methods. 
These traditional methods of LCIA include process-based and input-output-based 
LCIA. Process-based LCIA uses process specific data, whilst input-output-based 
LCIA uses data produced from an analysis of the flow of goods and services between 
sectors of the Australian economy, also known as input-output data. With the 
incompleteness and unreliability of these two respective methods in mind, hybrid 
LCIA methods have been developed to minimise the errors associated with 
traditional LCIA methods, combining both process and input-output data. Hybrid 
LCIA methods based on process data have shown to be incomplete. Hybrid LCIA 
methods based on input-output data involve substituting available process data into 
the input-output model minimising the errors associated with process-based hybrid 
LCIA methods. However, until now, this LCIA method had not been tested for its 
level of completeness and reliability. The aim of this study was to assess the 
reliability and completeness of hybrid life cycle inventory analysis, as applied to the 
Australian construction industry. 
A range of case studies were selected in order to apply the input-output-based hybrid 
LCIA method and evaluate the subsequent results as obtained from each case study. 
These case studies included buildings: two commercial office buildings, two 
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residential buildings, a recreational building; and building related products: a solar 
hot water system, a building integrated photovoltaic system and a washing machine. 
The range of building types and products selected assisted in testing the input-output-
based hybrid LCIA method for its applicability across a wide range of product types. 
The input-output-based hybrid LCIA method was applied to each of the selected case 
studies in order to obtain their respective embodied energy results. These results 
were then evaluated with the use of a number of evaluation methods. These 
evaluation methods included an analysis of the difference between the process-based 
and input-output-based hybrid LCIA results as an evaluation of the completeness of 
the process-based LCIA method. The second method of evaluation used was a 
comparison between equivalent process and input-output values used in the input-
output-based hybrid LCIA method as a measure of reliability. 
It was found that the results from a typical process-based LCIA and process-based 
hybrid LCIA have a large gap when compared to input-output-based hybrid LCIA 
results (up to 80%). This gap has shown that the currently available quantity of 
process data in Australia is insufficient. 
The comparison between equivalent process-based and input-output-based LCIA 
values showed that the input-output data does not provide a reliable representation of 
the equivalent process values, for material energy intensities, material inputs and 
whole products. Therefore, the use of input-output data to account for inadequate or 
missing process data is not reliable. However, as there is currently no other method 
for filling the gaps in traditional process-based LCIA, and as input-output data is 
considered to be more complete than process data, and the errors may be somewhat 
lower, using input-output data to fill the gaps in traditional process-based LCIA 
appears to be better than not using any data at all. 
The input-output-based hybrid LCIA method evaluated in this study has shown to be 
the most sophisticated and complete currently available LCIA method for assessing 
the environmental impacts associated with buildings and building related products. 
This finding is significant as the construction and operation of buildings accounts for 
a large proportion of national energy consumption. The use of the input-output-based 
hybrid LCIA method for products other than those related to the Australian 
construction industry may be appropriate, especially if the material inputs of the 
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product being assessed are similar to those typically used in the construction 
industry. The input-output-based hybrid LCIA method has been used to correct some 
of the errors and limitations associated with previous LCIA methods, without the 
introduction of any new errors. 
Improvements in current input-output models are also needed, particularly to account 
for the inclusion of capital equipment inputs (i.e. the energy required to manufacture 
the machinery and other equipment used in the production of building materials, 
products etc.). 
Although further improvements in the quantity of currently available process data are 
also needed, this study has shown that with the current available embodied energy 
data for LCIA, the input-output-based hybrid LCIA appears to provide the most 
reliable and complete method for use in assessing the environmental impacts of the 
Australian construction industry. 
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1. Introduction 
1.1 Problem Statement 
There is growing global concern regarding the environmental impacts resulting from 
human activity, ranging from resource depletion to environmental degradation. 
Energy consumption is a major contributor to these impacts, contributing towards the 
greenhouse effect through the release of greenhouse gas emissions from fossil fuel 
combustion. Many attempts have been made to assess the most significant sources of 
energy consumption in an effort to reduce the resultant emission of greenhouse 
gases. 
The construction and operation of buildings has been shown to account for between 
30 and 40% of Australia’s national energy consumption. Much effort has been placed 
in the attempt to improve the energy efficiency of buildings in order to reduce 
building energy consumption. However, little effort has been put into quantifying the 
energy consumed throughout the entire life cycle of a building, from ‘cradle to 
grave’. In particular, it has recently been suggested that embodied energy is a 
significant component of a building’s life cycle energy consumption (Fay, Treloar 
and Iyer-Raniga, 2000). These suggestions depend on the reliability associated with 
data sources and methods of assessment that are used. The need for a reliable method 
of assessing the environmental impacts of the Australian construction industry is 
important. 
There are a range of methods available for assessing the environmental impacts of 
products, such as buildings. Whilst many of these methods have proved adequate to 
an extent for a particular purpose, they are characterised by many disadvantages. Life 
cycle assessment (LCA) is one of the most popular tools for determining and 
evaluating the environmental impact that a certain product or process has throughout 
its entire life cycle. Although LCA is currently considered by many to be the most 
appropriate and reliable tool for assessing these environmental impacts, it can suffer 
from various limitations. The most significant of these limitations is the 
incompleteness and lack of reliability associated with current data sources, both 
process and input-output (I-O) data, used in the collection of inventory. This stage of 
a LCA is referred to as life cycle inventory analysis (LCIA), where input and output 
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flows are quantified. The limitations associated with LCIA have a subsequent impact 
on the reliability of LCA findings. 
A greater level of completeness and reliability in LCIA is needed to permit a more 
accurate and precise assessment of the life cycle environmental loadings from the 
manufacture of a particular product. A recently developed approach of assessing the 
life cycle inputs to a product, that attempts to fill in the ‘gaps’ of previous methods of 
LCIA has been proposed (Treloar, 1997; Suh, 2002). This newly developed method 
of LCIA, namely hybrid LCIA, combines both process and I-O data. However, it has 
not yet been tested for its ability to produce more reliable and more complete results 
than traditional LCIA methods based on process or I-O data alone. 
1.2 Aim 
Therefore, the aim of this study is to assess the reliability and completeness of 
hybrid life cycle inventory analysis, as applied to the Australian construction 
industry. 
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1.3 Thesis Overview 
Chapter 2: Background identifies the Australian construction industry as having a 
significant impact on the environment. The need for a reliable method of assessing 
environmental impacts is identified. The LCIA step of a LCA is identified as one of 
the most important areas where further improvement in the LCA tool is considered 
necessary. The limitations and benefits of LCIA methods are outlined. Previous 
LCAs are analysed and the need for broader system boundaries in LCIA is identified. 
The methods that are currently available for evaluating the completeness and 
reliability of results from a LCIA are also outlined. 
Chapter 3: Methodology evaluates the possible methods that could be used to 
evaluate the reliability and completeness of results obtained from a LCIA. The most 
appropriate methods for evaluating the reliability and completeness of the hybrid 
method are selected. The process of applying the hybrid LCIA method is outlined in 
detail, for application to a number of case studies. 
Chapter 4: Case Studies involves the selection and subsequent description of the 
case studies used in the application of the LCIA methods, in order to produce results 
to be used in the evaluation of the LCIA method. The assumptions made in applying 
the hybrid LCIA method to the case studies are listed, as are the specific details of 
the application of the hybrid LCIA method to each of these case studies. 
Chapter 5: Results presents the results from the application of the LCIA methods to 
each of the case studies. These results are used to evaluate the degree of reliability 
and completeness associated with hybrid LCIA, by answering the research questions 
proposed in Chapter 2. 
Chapter 6: Discussion examines and evaluates the results obtained from the LCIA 
of each of the case studies. These results are discussed in terms of the limitations and 
benefits of the use of hybrid LCIA as applied to buildings and building products. The 
appropriateness of the evaluation methods used is also discussed. 
Chapter 7: Conclusions is where the conclusions are drawn, as to the levels of 
reliability and completeness associated with hybrid LCIA, as applied to the 
Australian construction industry. Suggested areas of further research are also 
identified. 
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2. Background 
2.1 Introduction 
Due to the increasing demands on the earth’s dwindling natural resources and the 
increasing impacts that the use of these resources is having on the environment, there 
is a major need to look to a sustainable future for our long-term survival. Of greatest 
concern of these environmental impacts is the release of carbon dioxide emissions 
(CO2) into the atmosphere, causing what is known as the ‘greenhouse effect’. With 
the majority of these emissions being the result of electricity generation, and a large 
amount of this electricity being used in the construction and operation of buildings 
(ABS, 2001a), there is an immediate need to look at methods of reducing the ever-
increasing energy requirements and greenhouse gas emissions of buildings. 
Much emphasis has been placed on the reduction of operational energy consumption 
in buildings, through legislation and energy efficient practices and appliances. More 
recent research has shown that indirect energy consumption in buildings, including 
that energy embodied through product and material manufacture, referred to as 
embodied energy, may be just as significant as building operational energy. 
By assessing the entire life cycle of a building or product, the significance of one 
area of energy consumption over another can be determined. There are various 
methods that can be used to quantify life cycle environmental impacts, such as 
energy consumption, in order to highlight areas for further improvement. 
One such method is life cycle assessment (LCA). This tool can be used to assess and 
evaluate the impacts that products or processes have on the environment over their 
entire life, from ‘cradle to grave’. More streamlined methods of LCA are also 
available for assessing particular environmental impacts, such as life cycle energy 
analysis (LCEA). 
There are many problems and limitations with current LCA and LCEA methods, 
particularly through the application of the methodological processes. The need to 
improve LCA methodology has been the focus of many researchers worldwide. 
These improvements involve minimising the current problems with LCA in order to 
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maximise the level of reliability and completeness of the results obtained, to enable 
an accurate reflection of the environmental impacts of a particular product. 
The aim of this chapter is to review the current state of environmental assessment 
methods available and to justify the need to improve and in turn test the most 
promising of these methods. 
2.2 The need for environmental impact assessment 
Human activity, involving the consumption of various forms of energy and all 
associated environmental impacts, has increased the levels of a range of ‘greenhouse’ 
gases in the atmosphere. These gases retain some of the heat radiated from earth in 
the atmosphere by absorbing infra-red radiation that would otherwise be reflected 
back into space (Buchanan and Honey, 1994). These greenhouse gases include 
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and perfluorocarbons 
(PFCs). Of these gases, CO2 accounts for 68.4% of the greenhouse gas emissions 
from human activity (NGGIC, 2001) (see Appendix A). There is currently scientific 
debate about the increase in global temperature, which could result from increasing 
concentrations of greenhouse gases in the atmosphere (Buchanan and Honey, 1994; 
Bolt, 2000). The worldwide trend of a 0.5˚C temperature increase in the last 50 years 
is expected to increase if no action is taken to reduce greenhouse gas emissions 
(Buchanan and Honey, 1994; IPCC, 2001). Without a reduction in these emissions, 
sea levels may rise as a result of thermal expansion and there may also be an increase 
in the intensity of weather extremes. The extent of these changes will depend on 
various uncertainties, including population and economic growth, technological 
development, awareness of environmental issues as well as how sensitive the earth's 
climate system is to other human influences (Buchanan and Honey, 1994). 
Australia’s net greenhouse gas emissions for 1999, not including emissions from 
land clearing, were 458.2 Mt CO2-e. This figure represents a 17.4% increase on 1990 
levels. A total of 79.6% (364.6 Mt) of these emissions were attributed to the energy 
sector. As part of this sector, the generation of electricity accounted for 37.5% of 
national emissions (171.8 Mt) (NGGIC, 2001). At present, 66% of the world’s 
electricity is produced by fossil fuel power stations (Buchanan and Honey, 1994; 
NGGIC, 2001). Therefore, long term reductions in CO2 emissions are only possible 
with a huge reduction in fossil fuel consumption, combined with a reduction in per 
Chapter 2: Background                                 Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 6 
capita energy use through measures such as conservation, increased use of solar and 
other renewable energy sources, reducing material consumption and the use of less 
energy-intensive materials (Buchanan and Honey, 1994). 
The idea that humankind must learn more about how the world’s natural resources 
are used and how the use of these resources affects the environment is highlighted by 
Sonneveld (2000, p2): 
‘In order to achieve sustainable development in balance with nature, mankind (sic) 
would have to learn better management of natural resources and energy’. 
The only method of achieving the long-term survival of our planet is through 
sustainable development. Sustainable development was defined in 1987 by the World 
Commission on Environment and Development (WCED) as ‘meeting the needs of 
the present without compromising the ability of future generations to meet their own 
needs’. 
The construction and operation of buildings has a significant impact on the 
environment. The extent of this impact and the most significant areas for concern are 
becoming important with the increasing need to reduce human impact on the natural 
environment. Up to between 30 and 40% of the total electricity generated in 
Australia is used in the construction and operation of buildings (ABS, 2001a). 
The term ‘impacts’ refers to activities that have a direct effect on the environment 
such as the habitat damage caused by the extraction of raw materials (Lawson, 1996). 
The impact that the construction and on-going operation of buildings has on the 
environment is not only due to the large amounts of energy consumed and emission 
of related greenhouse gases. It is also the result of the impacts of urban planning and 
zoning and impacts caused by heating, water supply and waste management 
(Häkkinen, 1994). The environmental impact of a product or process is often 
expressed in terms of an environmental ‘profile’ reflecting how the product 
contributes to loadings in the environment, such as global warming or acidification. 
The term ‘loadings’ refers to an activity which is quantifiable, but for which the 
effect on the environment cannot be adequately measured, for example, emissions of 
carbon dioxide (Treloar, 1998). These environmental loadings can be calculated for 
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emissions to air, water and land (Treloar, 1998). All of these loadings are assessed in 
terms of the estimated service life of the product (Treloar, 1998). 
The impact that the construction and operation of buildings has on the environment is 
a result of the combined processes that go into the entire life cycle of a building, 
from the extraction of raw materials to final disposal. These processes include: 
• the extraction of raw materials; 
• processing of raw materials; 
• manufacture of building materials; 
• construction; 
• operation and maintenance; and 
• refurbishment or demolition and disposal. 
Each of these processes involves the use of energy, which contributes to air 
pollution, particularly, and most importantly the emission of greenhouse gases. A 
study conducted by Levin, Boerstra and Ray (1995) in the United States, found that 
the construction, use and disposal of buildings are responsible for approximately 
42% of the total energy used in the United States and 40% of greenhouse gas 
emissions. Treloar et al. (2000) support this in suggesting that in Australia, 30-40% 
of the nation’s energy use and energy related greenhouse gas emissions are 
attributable to the construction and operation of buildings. 
2.3 Building life cycle energy consumption 
Although it has traditionally been assumed that the operational energy consumption 
of buildings accounts for the highest proportion of the total energy consumed in the 
life cycle of a building, - as high as 95% (Shipworth, 2002b) - there is still a 
considerable amount of energy that is consumed in the other stages of a building’s 
life. This energy is commonly referred to as the indirect energy requirement of a 
building. Hanssen (1998) has indicated that the production of raw materials and the 
use of products are the two phases contributing mostly to the environmental impacts 
from product systems in general. The manufacture of building products and the 
construction of the building incorporate the embodied energy of the building, 
resulting from the extraction of raw materials, processing and manufacture of 
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building materials and products, transport, construction, maintenance, and disposal or 
recycling. 
2.3.1 Building operational energy consumption 
The energy used for the operation of buildings includes that which is used by the 
building’s mechanical and electrical systems to maintain occupant comfort (i.e. 
heating, ventilating, air-conditioning, lighting, hot water supply, and the running of 
equipment, lifts and escalators). Foster, Harrington and Treloar (2000) have shown 
that for the Queensland building sector the operation of buildings accounts for the 
largest portion of energy consumption (55%) and greenhouse gas emissions (58%) 
over the life cycle of a building. There are a number of important factors that 
influence the extent of this energy consumption. These include: 
• fuel type; 
• behavioral patterns of occupants; 
• building fabric/materials; 
• climate; 
• the use of energy saving devices; and 
• appliance efficiency. 
2.3.1.1 Fuel type 
There are two main fuel types that are used in Australia to provide energy to power 
appliances and equipment, these being electricity (46%) and natural gas (38%) 
(Harrington et al., 1999). The efficiency and related greenhouse gas emissions per 
equivalent unit of delivered energy of each of these fuels differs. The efficiency of 
natural gas is much higher than that of electricity, whilst the greenhouse gases 
emitted per unit of natural gas as compared to electricity are much lower. Therefore, 
the total energy requirements and greenhouse gas emissions for the operation of 
buildings will greatly depend on the fuel type that dominates this operation. 
2.3.1.2 Behavioral patterns of occupants 
The behavioral patterns of occupants also have a considerable impact on the total 
operational energy requirements of any building. For example, switching off lights 
and equipment when not being used, minimising infiltration and unwanted 
ventilation by closing and proper sealing of windows, taking short showers, turning 
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down heating thermostats, and using an ‘economy cycle’ in heating, ventilating and 
air-conditioning (HVAC) systems of commercial buildings can all significantly 
reduce the amount of energy consumed within a building. These and other 
conservative behavioral habits are probably the most important factor in reducing 
operational energy consumption in buildings. However, behavioral changes require 
greater personal involvement and inconvenience due to the vast range of personal 
requirements of the people within a building, and are therefore considered major 
barriers at the present time (Parlour, 1997). 
2.3.1.3 Building fabric and materials  
The building fabric or the materials from which the building is constructed can 
contribute to the operational energy consumption of the building. A lack of adequate 
insulation can increase heating and cooling requirements, and thus energy 
consumption, by allowing the loss of heat during cooler months and excessive heat 
build-up during warmer months. In contrast, a well-insulated building can assist in 
reducing heat loss in cooler months and heat gain in warmer months, resulting in a 
reduced requirement for heating and cooling, and thus energy consumption. Not only 
can the level of insulation and type of building fabric increase energy consumption, 
but a poorly oriented building can also impact on the operational energy 
requirements of a building through an increased need for heating, cooling and 
artificial lighting. These are some of the issues concerned with passive building 
design and are the focus of many researchers, namely Garcia-Hansen, Esteves and 
Pattini (2002), Capeluto (2003) and Knowles (2003). 
2.3.1.4 Climate 
The outdoor climate of the particular location of a building will have a large impact 
on the operational energy consumption of the building. The extent of temperature 
differences between outside and that considered comfortable for indoors will 
influence the use of heating and cooling within the building. Any lack of penetrating 
solar gain to the building will also increase the need for internal lighting. 
2.3.1.5 Use of energy saving devices 
The use of passive means to reduce operational energy consumption and greenhouse 
gas emissions of buildings is not the only method. Operational energy consumption 
of buildings can also be reduced by active means, such as collecting energy from the 
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sun and converting this for use within the building. Methods of doing this include the 
use of localised solar hot water and photovoltaic systems. Although the use of these 
systems may not directly reduce the quantity of energy consumed, these systems 
collect energy from the sun, minimising reliance on fossil fuels and reducing 
greenhouse gas emissions. 
2.3.1.6 Appliance efficiency 
The efficiency of appliances and equipment within a building can also contribute to a 
significant increase or reduction in operational energy consumption and related 
greenhouse gas emissions (Pullen, 2000). For example, replacing standard 
incandescent light globes with compact fluorescent globes can reduce energy 
consumption significantly when multiplied over the many floors of a typical office 
building. Pfeifer (1996) found that the use of compact fluorescent lamps resulted in 
total energy consumption eight times less than a traditional incandescent lamp, a 
saving of 700 MJ over the life cycle of each lamp. It is possible to see that the 
savings may be quite significant when a considerable number of lamps are required. 
The efficient operation of the HVAC system in an office building can also have a 
significant impact on the energy consumed in the building. The incorporation of an 
‘economy cycle’ in the operation of the HVAC system can assist in reducing energy 
consumption. The energy efficiency of typical appliances, such as washing machines, 
will also have an impact on the energy consumed within a building. 
With much past effort having been put into the reduction of building operational 
energy consumption, much more emphasis is now being directed to the other areas of 
a building’s life cycle. There is now an attempt to reduce building life cycle energy 
consumption even further, particularly in those areas which now represent a larger 
proportion of the total life cycle energy consumption of a building. With 
improvements in the energy efficiency of buildings, the relative significance of the 
other aspects of a building’s life cycle energy consumption, for example embodied 
energy, become greater over the life of a building (Yohanis and Norton, 2002). 
2.3.2 Building embodied energy consumption 
Consideration of building embodied energy and the consequent environmental 
impacts has traditionally been neglected (Wang, Rivard and Zmeureanu, 2003). Fay, 
Treloar and Iyer-Raniga (2000) have shown that the embodied energy portion of a 
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building’s life cycle energy consumption can account for up to 50% of a building’s 
total life cycle energy consumption. This recent re-evaluation of the embodied 
energy portion of the total life cycle energy consumption of a building has resulted 
from the increasing focus towards reducing building operational energy, through 
appliance efficiency and other energy efficiency practices, and the constant 
improvements to system boundary problems with embodied energy analysis methods 
(Shipworth, 2002b). Higher embodied energy figures than those traditionally 
reported also create a substantial amount of related greenhouse gas emissions and are 
therefore an area where significant emphasis should be placed. 
There is therefore a need to assess the life cycle energy consumption and loadings of 
buildings and building products in order to determine the areas in which the majority 
of this energy is being consumed, and where and how a reduction in this 
consumption is possible. 
There are many complex factors that contribute to the impact that a product or 
process has on the environment. To ensure that the environmental loadings of these 
products and processes, including buildings, are minimised, Häkkinen (1994) 
believes that their assessment should be limited solely to their impact on the 
environment. Any financial and aesthetic considerations should not be included in 
the assessment. With the large range of impacts that the manufacture of products 
may have on the environment, and the significance of the effects, there is a need to 
quantify and analyse the impacts that particular products or processes may have 
(Haake, 1999). 
2.4 Building environmental impact assessment methods 
There are a number of techniques that can be used for assessing the environmental 
impact of buildings and building related products (Cole, 1998; Jönsson, 1998; Arbor, 
1999; Crawley and Aho, 1999; Jönsson, 2000), all of which vary considerably and 
have their own advantages and disadvantages. These techniques include: assessment 
tools, resource tools, simulation tools, whole building life cycle assessment (LCA) 
tools and product assessment models (Arbor, 1999). 
Of the tools that can be used to assess the environmental impact of particular 
buildings the most commonly used of these include: LEED (US Green Building 
Council, 1998), BREEAM (Prior, 1993) and BEPAC (Cole, Rousseau and Theaker, 
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1993). LEED uses a set of criteria to evaluate the environmental quality of a 
building, in terms of energy efficiency, indoor air quality, ozone depletion and 
comfort. The results of this are used to rate the building on its ability to meet certain 
mandatory requirements (Crawley and Aho, 1999). The main disadvantage of this 
assessment method is that it does not use a recognisable framework for the 
assessment criteria (Cole, 1998). BREEAM, the most widely used of the three 
assessment methods described, uses three scales of evaluating the environmental 
impact of a building, including global, local and indoor issues (Crawley and Aho, 
1999). Whilst 18 performance criteria are used, the final results of the assessment are 
based on a single score (Cole, 1998; Crawley and Aho, 1999). BEPAC is a similar 
assessment method to BREEAM, which assesses the five major areas of ozone 
protection, energy use, indoor environmental quality, resource conservation and site 
and transportation (Crawley and Aho, 1999). 
There are several limitations with the three assessment methods described above 
(Cole, 1998). These include: 
• ‘Ability to offer different levels of assessment/output; 
• Ability to acknowledge regionally specific environmental criteria; 
• Use of different measurement scale for different criteria sets; 
• Weighting of criteria; 
• Ability to be used as design tools; 
• Ability to link with other performance issues; 
• Ability to evolve as field matures; and 
• Remaining voluntary in their application.’ (Cole, 1998, p8). 
These limitations have led to the development of LCA tools, which aim to minimise 
the limitations of past assessment methods and increase the range of assessment 
criteria and depth of analysis (Cole, 1998). LCA is described further in Section 2.5. 
Due to the significance of energy consumption in the life cycle of buildings, the 
resultant environmental impacts from this consumption, and recent efforts at 
reducing building energy consumption, many studies have found that a more 
streamlined method of LCA is appropriate for assessing the environmental impact of 
buildings and building products (Treloar, 1996; Fay, Treloar and Iyer-Raniga, 2000). 
One such method, known as life cycle energy analysis (LCEA), looks at the energy 
Chapter 2: Background                                 Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 13 
consumed over the life of a building or building product. LCEA can be used in a 
comparison of embodied energy (initial and ongoing) to operational energy, over the 
life of a building or building product, to make decisions on strategies to improve 
energy efficiency. A LCEA can also be used to establish the time that is taken for 
any net energy savings to occur, over the life of a building or compared to other 
alternative materials or components, i.e. the energy payback period. 
As LCEA uses energy as the only measure of environmental impact, a more detailed 
analysis of building energy consumption is possible (Fay, Treloar and Iyer-Raniga, 
2000). Whilst energy is the only environmentally related criterion used in a LCEA, 
the process of applying the LCEA method to a particular product is identical to that 
of a LCA. 
A LCEA can be streamlined even further to take into account that although the 
operational energy component of a building or building products life cycle may, in a 
lot of cases, be well known, the energy embodied in those buildings and products 
may not be as well researched. An embodied energy analysis can be used to assess 
only the embodied energy component of a building or building product. The 
embodied energy of an entire building, a single component or a basic material in a 
building, comprises both the direct energy from the main process (whether it be the 
construction of the building, product assembly, or material manufacture), and the 
indirect energy used to create the inputs of goods and services to the main process. 
This type of analysis can be helpful when considering choices between alternate 
building materials or other building components. 
Current assessment of the environmental impact of construction, both in terms of 
buildings and building related products, is focussed towards the use of LCA or 
LCEA (Lave et al., 1995; Cole, 1998; Crawley and Aho, 1999; Shipworth, 2002b). 
Lave et al. (1995) and Cole (1998) see LCA, due to its universality of application for 
a wide range of assessment criteria, as the only valid method on which to compare 
the environmental impacts resulting from the use of alternative building materials, 
products, components and services. Others, such as Hendrickson et al. (1998), 
Azapagic and Clift (1999) and Jimenez-Gonzalez, Kim and Overcash (2000), also 
see LCA as the preferred tool for assessing the global environmental impacts of a 
product or process. This general acceptance of LCA is supported by the International 
Standards Organisation (ISO), which has established a degree of standardisation 
Chapter 2: Background                                 Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 14 
based on LCA in environmental assessment methodologies through the ISO 14000 
standards (ISO 14040, 1998; ISO 14041, 1999; ISO 14042, 2001; ISO 14043, 2001). 
Although LCA and LCEA methods may be seen to be appropriate for assessing the 
environmental impacts of various products, there is a need to re-evaluate the 
adequacy of existing LCA and LCEA methods in the light of increasing focus 
towards greenhouse gas emission reduction and the current re-assessment of the 
weighting of the embodied energy component of LCEA (Shipworth, 2002b). The 
LCA tool is described in detail in the following section. 
2.5 Life cycle assessment 
Life cycle assessment is a tool that is used to determine and evaluate the 
environmental impacts and loadings of a particular product or process, including 
those effects associated with processes upstream in the supply chain (Curran, 1993). 
This tool analyses these loadings over the entire life cycle of the product or process 
being studied, from the extraction of raw materials from the ground to final disposal 
or recycling of the product (Curran, 1993). The components of the life cycle of any 
product or process can be broken down into the relevant inputs and outputs to the 
product system. These inputs and outputs include the extraction of raw materials 
from the earth, energy use, emissions to air and water, solid wastes, co-products, and 
other releases as shown in Figure 2.1. 
Chapter 2: Background                                 Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
























Source: Curran, 1993 
Figure 2.1  Stages of a product’s life cycle showing inputs and outputs 
The inputs to the product or process can be further broken down into direct and 
indirect inputs, including all of the inputs upstream of the main product or process. 
The direct inputs include the energy and raw materials used directly at each of the 
life cycle stages. The indirect inputs are those inputs of energy and raw materials 
which are used further upstream in supplying goods and services to the main life 
cycle stages (Figure 2.2). 
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Source: Constructed by the author, based on Fossdal, 1995 
Figure 2.2  The life cycle of a product showing all of the direct and indirect 
inputs at each stage 
NB: outputs of waste at each stage have been excluded for clarity. 
There are two main objectives of LCA: 
• to help designers and specifiers to compare products that perform the same 
function, in order to determine the most environmentally friendly option in 
terms of the entire life cycle of the product; and 
• to provide a basis for assessing areas of potential improvement in the 
environmental performance of a particular product or process. 
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If LCA is used to compare the environmental loadings of alternative processes in a 
system, it can assist in identifying the best possible choices of action. However, if a 
LCA is performed on a particular product or process, then the objective may be to 
inform the designer firstly, that the product is within a specified limit (and no 
modification is necessary) or, secondly, how to modify the product or process in 
order to decrease its overall environmental impact. 
2.5.1 Steps of life cycle assessment 
There are four steps to any LCA (Figure 2.3). These are defined by ISO 14040 
(1998) as goal and scope definition, inventory analysis, impact assessment and 













Source: ISO 14040, 1998 
Figure 2.3  Steps of a life cycle assessment 
2.5.1.1 Goal and scope definition 
The first step, the definition of the goals and scope of the study, involves determining 
the reasons for carrying out the study and the intended audience. The goal and scope 
definition process is important in determining the direction and extent to which the 
LCA will be conducted. This process will determine the approach taken in analysing 
the inventory and the detail to which this is performed. The scope of a LCA, or the 
life cycle stages to be considered, usually includes the extraction of raw materials 
Interpretation 
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from the earth, raw material processing, material manufacture, energy use, emissions 
to air and water, solid wastes and disposal or recycling (ISO 14041, 1999). This stage 
of a LCA is the most important, for obtaining the correct results for the required 
purpose is dependant on sufficiently defining the breadth, depth and detail of the 
study (ISO 14041, 1999). 
In order to define the scope of the study, ISO 14040 (1998) recommends that a 
number of items should be considered and clearly described. These items include: 
• the functions of the product system/s; 
• the product system to be studied; 
• the product system boundaries; 
• data requirements; 
• assumptions and limitations; and 
• initial data quality requirements. 
2.5.1.2 Inventory analysis 
Inventory analysis, the second step of a LCA, involves the collection of data and 
calculations in order to quantify the inputs and outputs to the product system over its 
entire life cycle. The inputs may include energy and natural resources, whilst outputs 
may include emissions to air, water and land (ISO 14041, 1999). The extent of this 
analysis, and the two subsequent steps of the LCA, depends on the scope and goals 
defined in the previous step. The inventory analysis step is one of the most time and 
cost consuming processes in a LCA (Suh and Huppes, 2002). If the scope of the 
study is not adequately defined, excessive time may be wasted obtaining and 
analysing data that is beyond the scope required for the intended purpose of the 
study. Section 2.5.2 deals with this and other problems associated with the inventory 
step of a LCA. 
There are several steps involved in the collection of data for the inventory analysis. 
ISO 14041 (1999) outlines these as: 
• drawing specific process flow diagrams, outlining all unit processes to be 
modelled, including direct and indirect processes; 
• describing each unit process in detail and listing data categories associated 
with each unit process; 
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• developing a list that specifies a unit of measurement; and 
• describing data collection techniques and calculating techniques for each data 
category. 
These steps are required to ensure that there is thorough knowledge of each unit 
process in order to avoid double counting or gaps. Problems associated with quality 
and completeness of data collection are dealt with in Sections 2.5.2.3 and 2.5.2.4. 
2.5.1.3 Impact assessment 
Impact assessment, the third step of a LCA, translates the results of the inventory 
analysis step to numerical indicators for specific categories, which reflects the 
environmental loading of the system or product (Evans and Ross, 1998). These 
categories are outlined in ISO 14042 (2001) and include: 
• global warming or climate change; 
• acidification; 
• eutrophication; 
• photochemical oxidant formation; 
• human toxicity; 
• ecotoxicity; and 
• land use. 
The inventory results are then inserted into these categories based on meaningful 
value judgements. Again, the level of detail and depth of this step is defined in the 
scope and goal definition step of the LCA. It can now be seen that any decisions 
regarding this scope will have a flow-on effect throughout the entire study. 
2.5.1.4 Interpretation 
The fourth and final step involved in a LCA is the interpretation. This step involves 
combining the results from both the inventory analysis and the impact assessment 
(Steps 2 and 3) in order to determine the most important inputs, outputs and potential 
environmental impacts (ISO 14043, 2001). The information obtained from these 
previous steps is identified, qualified, checked and evaluated. Conclusions can then 
be drawn and recommendations made, with particular emphasis on the identification 
of areas for improvement. This step is commonly referred to as improvement 
analysis for this reason. 
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Evans and Ross (1998) identify three checks that are necessary to draw conclusions 
and to make recommendations from the inputs, outputs and potential impacts that 
have been identified. These are: 
1. Completeness - check that the most important inputs, outputs and potential 
impacts relate to the goals and scope defined at Step 1 of the study; 
2. Sensitivity analysis - used to check the rigour of the final conclusions to the 
assumptions made; and 
3. Consistency - to establish the required degree of confidence in the results of 
the study and to ensure the inputs, outputs and impacts are robust to small 
changes in the study conditions or assumptions. 
The results of this final step of the study are presented in a way that meets the 
requirements as set out in the goal and scope definition of the study. According to 
Sonneveld (2000), the use of LCA can be beneficial in: 
• targeting and tracking environmental improvement; 
• identifying cost savings from improved resource efficiency; 
• managing environmental information; 
• complying with emerging international standards and market requirements; 
• progressing towards ecologically sustainable patterns of production and 
consumption; 
• providing information for product marketing claims and support for eco-
labelling programs; and 
• providing information for environmentally responsible design. 
LCA is already used extensively overseas for process improvement, product design, 
strategic planning, marketing and government policy. In Australia, the increasing 
amounts of solid waste and availability of land for land fill have been of little 
concern, mainly due to the country’s sparse population, and the LCA approach was 
not introduced until the early 1990s on a very small scale (Sonneveld, 2000). Due to 
the increased focus and need for a sustainable future, the late 1990s and the start of 
this century have seen a significant increase in the interest in LCA amongst industry, 
and consequently the variety and number of stakeholders is developing rapidly 
(Sonneveld, 2000). 
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2.5.2 Problems and limitations of life cycle assessment 
The growing awareness and penetration of LCA in Australia has not created an 
immediate widespread implementation of LCA (Sonneveld, 2000). The use of LCA 
is not something that can easily be implemented, because of a number of problems 
and limitations still associated with its use, which are discussed below. Suzuki and 
Oka (1998) believe that with the varied materials used in the construction, operation 
and demolition of buildings, the potentially enormous range of environmental criteria 
that are relevant to buildings may serve as a severe limitation to the use of LCA 
methods in the building industry. 
2.5.2.1 Lack of Knowledge and Awareness 
Although the concern for the environment is growing globally, there is still a need to 
increase the awareness of the impacts that human activity is having on the 
environment and the actions that can be taken to minimise these impacts. One 
method of encouraging the use of LCA as a tool for assessing environmental 
impacts, other than financial incentives and legislation, is to educate people and 
emphasise the impacts that their actions are having. People should be made aware 
that a tool such as LCA could be used to assess these impacts and determine where 
improvements can be made, or to assist in choosing an environmentally benign 
alternative. A recent study conducted by Kien and Ofori (2002), found that the 
current level of environmental awareness amongst the Singapore construction 
industry was considered to be low, with most architects placing environmental 
considerations significantly low among their project objectives. The low levels of 
awareness found in this study confirm the results of previous studies (Berube and 
Bisson, 1992; Miller, 1995; Ofori, 1998; Tan, Ofori and Briffett, 1999). 
The lack of awareness of LCA in Australia is mainly due to its recent introduction. 
There is no history of its methodological development as in Europe and the United 
States and therefore knowledge, experience and understanding is limited amongst 
academia, government, industry and public stakeholders (Deni Greene Consulting 
Services, 1992; Jensen et al., 1997; Evans and Ross, 1998; Sonneveld, 2000). 
However, the awareness and use of LCA is steadily growing as the number of 
interested stakeholders increases and they realise the potential for LCA to assess the 
impacts of their products on the environment. Sonneveld (2000) acknowledges that 
the mid 1990s saw a number of international LCA experts appointed to positions 
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within Australia. Although this helped to increase the awareness of LCA amongst 
academia, the levels of expertise and understanding amongst the other stakeholder 
groups is still poorly developed. Due to this lack of awareness, there are difficulties 
obtaining information and data from various sources, which may either not be 
available in the required format or not available at all (Sonneveld, 2000). 
With a significant increase in awareness of the benefits and uses of LCA amongst 
industry, government and the public, further progress may be made to reduce our 
impact on the environment (Sonneveld, 2000). There needs to be an understanding of 
the decisions that can be made from the results gained from a LCA by each of the 
stakeholders to reduce the impacts on the environment. These decisions may be in 
identifying an area of improvement or may involve a selection between a number of 
similar products or processes. 
2.5.2.2 Methodological Gaps 
Whilst constantly developing worldwide, LCA still contains many problems with 
gaps in the methodology. The most significant of these ‘gaps’ is the definition of the 
system boundary of the product or process being studied. The most common forms 
of LCA (SETAC and ISO) are forced to draw a boundary around the process, which 
limits consideration to only a small percentage of the inputs to the system, thereby 
making current assessments incomplete. For example, two LCAs of the same product 
may be carried out using different system boundaries, and it is possible that they will 
produce two different results. Häkkinen (1994, p9) identified some of the most 
common exclusions when using these methods, including: 
• ‘…aids used in raw material extraction and production such as explosives, 
lubricants and packaging materials; 
• additives used in production such as dyes, plasticisers, stabilisers; 
• adhesives and coatings such as paints and varnishes; 
• connectors; 
• wearing machine components used in crushers, grinders, saws and mixers; 
and 
• use and maintenance of production facilities.’ 
Treloar et al. (2000, p7) identified even more exclusions, including: 
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• ‘ancillary activities associated with the process, such as administration; 
• inputs of services, such as banking and insurance; 
• further processing of basic materials into complex products; and 
• non-feedstock energy used to make fuels.’ 
When undertaking the LCIA step of the LCA, some of the inputs are excluded 
without consideration or acknowledgment (Berube and Bisson, 1992; Lave et al., 
1995). The boundary of a LCIA is commonly drawn at a point where it is believed 
the majority of the inputs to the system have been considered and that any excluded 
elements could not have any significant impact on the environment. This is a value 
judgement, usually based on past experience, and is not based on any scientific 
evidence that any processes further upstream may not be significant. This judgement 
may not matter when considering a small system. However, the uncertainties would 
be much greater when considering a larger system, both in terms of data and in 
surrounding assumptions (Tillman et al., 1994). 
A more recent development in LCIA methodology is the use of I-O data in 
accounting for the upstream processes that have traditionally been excluded. Suh and 
Huppes (2002) have suggested that this use of I-O data may contribute to a more 
comprehensive LCIA result. I-O data is considerably less reliable than traditional 
process data as it is based on national average data, but it is nonetheless more 
complete as it includes a greater range of the inputs to a process (Treloar, 1997). An 
even more recent development in LCIA methodology is the development of hybrid 
methods of assessing the inputs to a product or process. The aim of these methods is 
to improve the completeness of traditional methods of LCIA and the reliability of I-O 
methods of LCIA by combining the two. Such hybrid LCIA methods, with variances 
developed by Bullard, Penner and Pilati (1978), Lave et al. (1995), Alcorn (1998), 
Treloar (1998), Lenzen (2002), Shipworth, (2002b) and Suh and Huppes (2002), will 
be discussed later. 
2.5.2.3 Lack of Quality Data 
The results of a LCA are only as good as the source of the initial data used to arrive 
at those results. The quality of this data is fundamental to the quality and validity of 
the LCA study (Verbeek and Wibberley, 1996; Weidema and Wesnaes, 1996). As 
the quality of the data used in LCAs is usually poor, the results obtained are not 
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usually precise. There has only been a limited number of LCA case studies 
conducted on the basis of comprehensive Australian specific data. Most studies 
conducted on Australian products and processes have been based on overseas data 
due to the lack of publicly available local data. Some studies have used national 
average data for the country being studied in order to minimise the use of overseas 
data and thus increase the reliability of the results. This national average data is not 
specific to a particular product, as it is an ‘average’ of all of those identical products 
manufactured across a country. Boustead (1996) illustrated the dangers of relying on 
data that is not specific to the product being studied. There will always be variations 
in the way in which different factories perform, based on different ages and sizes of 
plant, the location of the plant, and variations in the way in which the plant is 
maintained and managed. 
As mentioned in Section 2.5.2.2, within the last few years methods have been 
developed that attempt to overcome the lack of product specific data and the 
problems associated with gaining this data (Lave et al., 1995; Pullen and Perkins, 
1995; Treloar, 1997). These methods are commonly known as hybrid techniques, and 
will be discussed in Section 2.5.3.3. 
2.5.2.4 Data Collection 
A LCIA involves the collection of a wide range of data from a range of sources. 
Lewis and Demmers (1996) and Berube and Bisson (1992) have identified data 
availability, its accuracy and the cost of obtaining it as a major inhibitor of the use of 
LCA. The accessibility of data depends on the extent to which data is being collected 
and the willingness of other companies to make their data available (Lewis and 
Demmers, 1996). Some data is regarded by some companies who wish to avoid 
public knowledge of their impact on the environment as commercially sensitive. This 
knowledge may impact on their public image or create pressure from authorities to 
introduce costly measures to reduce these impacts. 
If data used in the inventory step of the LCA is unreliable then the results obtained 
for the downstream steps of the LCA study will only be as good as the data obtained 
in the previous steps of the analysis. This cumulative error emphasises the 
importance of the first two steps of a LCA, i.e. defining the correct goals and scope 
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of the study, along with collecting the right data in the LCIA, both in terms of quality 
and depth. This is shown in Figure 2.4 below. 
 
Figure 2.4  Decision tree of the life cycle assessment steps 
As has been touched upon briefly, many LCA practitioners compensate for the lack 
of available data by using national averages to obtain a typical description of the 
processes. As these processes become more detailed, the range of error between the 
national average and the process being studied becomes greater and greater. The 
quality of the data, relevant to the specific study, will depend on a number of factors, 
as outlined by Lewis and Demmers (1996), and includes: 
Goal and Scope 
Definition 
Focus on improving data quality 
and completeness 





Is this data 
sufficient? Impact Assessment 
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• geographic coverage - whether the data is specific to the factory or locality 
being considered. The impacts of a particular product or process can differ 
significantly between locations or companies; 
• time period covered - this must be long enough to average out any significant 
variations that can occur in data over time; 
• when the data was collected - the age of the data will determine its accuracy; 
and 
• technology - the data should relate to the specific technology used in the 
processes, whether it be old or new. This factor can impact greatly on the 
LCA outcomes. 
The quality and depth of that data, and its gathering, is the basis of any LCA. This 
collection of data must therefore be carried out with the greatest care and attention if 
the LCA is to be truly purposeful. In striving to maximise the data quality and 
minimise problems associated with data collection, a balance must therefore be 
struck between the use of more reliable process data and the more comprehensive 
national average data (commonly referred to as I-O data). 
2.5.2.5 Interpretation of Results (Impact Assessment) 
A major problem with LCAs that can have a significant impact on the conclusions is 
the assessment and interpretation of environmental impacts. Systems that can help to 
interpret LCIA results are still under development (Lewis and Demmers, 1996). The 
interpretation of results occurs at the impact assessment step of a LCA where 
inventory items are linked to environmental problems. This interpretation involves 
value judgements on the relative importance of different impacts, such as water 
pollution, resource depletion and greenhouse gas emissions. A number of decisions 
need to be made about the priority of these environmental impacts, for example, 
whether water pollution is more important than the emission of greenhouse gases. 
Whatever decisions are made, these, along with any assumptions, should be clearly 
acknowledged and explained (Lewis and Demmers, 1996) to enable the results to be 
purposeful. 
2.5.2.6 Time and cost considerations 
Other problems with LCA, such as the lack of data and low levels of awareness of 
the LCA tool, have resulted in LCA being time consuming and expensive. The 
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complex and sometimes difficult task of data collection has a significant impact on 
the time and costs required to conduct a LCA study (Berube and Bisson, 1992). Of 
the data required for a LCA very little of this is publicly available and thus 
significant effort is needed to obtain the data that is required. 
Sonneveld (2000) believes that overcoming the data barrier, combined with an 
increasing knowledge base, will mean that LCA studies will become less time 
consuming and therefore cheaper. As data becomes more accessible, the labour costs 
involved in conducting a LCA will decrease. Lewis and Demmers (1996) have 
identified another means of resolving these problems of excessive time and costs. 
These include recognising the ‘point of diminishing returns’ or the point at which 
further investment of time or money is not justified by the likely benefits. The point 
of diminishing returns is where no more time and effort should be allowed than is 
necessary to inform decision making. The first step of any LCA, the goal and scope 
definition, can and should help to define the quality and depth of data that is 
required, thus determining the necessary time and costs involved. 
The inter-relationship between the limitations of existing LCA methods are shown in 
Figure 2.5. This inter-relationship shows, for example, the methodological gaps in 
current LCA methods result from: 
• the lack of knowledge and awareness of LCA and associated methods; 
• the problems with data collection; 
• a lack of quality data; and 
• current data collection methods being time consuming and expensive.  
These gaps in current LCA methodologies result in problems with the interpretation 
of results. 
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Figure 2.5  Inter-relationship of the problems with life cycle assessment 
Due to these problems, and further limitations with current LCA methods, Arnold 
(1993) has gone as far as to say that LCA does not work. This finding, according to 
Arnold, is due to the fact that it is almost impossible to identify and measure all of 
the indirect sources of environmental problems for a particular product or process, 
and if this is found to be possible, it is too expensive. The level of complexity of 
environmental impacts across the world is far beyond the scope of LCA (Arnold, 
1993). LCAs apply to no one person in particular and could point people in the 
wrong direction. As the results of the LCA are not necessarily applicable to any 
specific person or any real world setting, whose circumstances differ from those 
assumed in the study, this has also been seen by Arnold (1993) as a reason why 
LCAs do not work. The decision between two products will generally depend on the 
location of the person making the choice. 
The many omissions in the use of data for LCA are another reason why Arnold 
(1993) believes that LCA does not work. However, others have shown that these 
omissions can be minimised or even avoided completely (Treloar et al., 2000; 
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Lenzen, 2001a). Despite this, even if the results obtained from the LCA are not 
totally accurate, they can be used to identify areas where further improvement is 
necessary or possible. Many LCAs, however, do ignore the methodological problems 
of the inventory step (LCIA) and go on to the next step ignoring these problems. The 
subsequent results are hence based on incomplete data. LCAs should not be avoided, 
however, and, as with any scientific study, all assumptions and value judgements 
should be clearly outlined in the final report (Lewis and Demmers, 1996).There is, 
therefore, a considerable need to focus on making the inventory step of a LCA more 
complete in order to provide a more reliable and comprehensive basis for subsequent 
steps (Treloar, 1997). A detailed description of the LCIA step is discussed below as 
this improvement to LCIA is the main focus of this thesis. 
2.5.3 Life cycle inventory analysis 
After the goals and scope of any LCA study has been defined, the second step of a 
LCA involves the collection of data and calculations in order to quantify the inputs 
and outputs to the product system over its entire life cycle. The depth and detail of 
this analysis is usually defined by the goal and scope definition step, and the two 
subsequent steps of the LCA are based on the results obtained from the LCIA. There 
are a number of sources for this data, including: 
• ‘computer databases of previous studies; 
• published literature and trade information; 
• previous energy or environmental audits; and 
• direct contact with the manufacturer or designer’ (Janssen, 1998, p3). 
To ensure the results of any LCA are as reliable and comprehensive as possible, the 
process of data collection needs to be as refined as possible. There are two methods 
that have traditionally been used for the collection of inventory data, process-based 
LCIA and input-output-based LCIA. These two methods are described in detail 
below. 
2.5.3.1 Process-based life cycle inventory analysis 
This method of collecting inventory data for a LCA has traditionally been the most 
common. Boustead and Hancock (1979) and SETAC have developed methods of 
LCIA based on the collection of process data. As described previously, these 
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methods draw a system boundary around the processes, excluding a large number of 
inputs that may be significant. This boundary is drawn with the assumption that the 
inputs of any further upstream stages have negligible effect on the total inventory for 
the product or process being studied (Marheineke, Friedrich and Krewitt, 1998). 
These methods therefore suffer from a truncation error (Treloar, 1997; Lenzen, 
2001a) caused by the omission of a number of inputs for upstream stages of the 
system. The magnitude of this truncation error varies with the type of product or 
process and depth of study, but can vary by +/-10% according to Boustead and 
Hancock (1979) or even, according to Lave et al. (1995), Lenzen (2000, 2001a) and 
Lenzen and Treloar (2003), by up to 50%. Figure 2.6 shows the typical upstream 
truncation error of a process-based LCIA (P-LCIA), with the triangle representing 
the direct energy input to a basic product, BP1, obtained from process data, and the 
circle representing the product quantity of the basic product obtained from process 
data. 
 
Figure 2.6  Upstream truncation in process-based life cycle inventory analysis 
NB: this diagram represents the basic generic case and this language is used to explain the more 
detailed LCIA methods in further diagrams. 
In most cases P-LCIA is also used to quantify more than just the direct energy inputs 
and product quantities. A material input, M1, into the main product, BP1, can be 
quantified in terms of the material quantity and direct energy inputs. In this case the 
upstream truncation is slightly more complete. However, the system boundary may 
still be truncated both downstream and sideways. Downstream truncation may 
include the direct energy input into the main product, and sideways truncation may 
include any other material inputs into the main product (Figure 2.7). 
BP1 
Basic product BP 
Process-based product quantity 
Process-based direct energy input 
Flow of goods and services 
upstream 
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Figure 2.7  Downstream and sideways truncation in process-based life cycle 
inventory analysis 
Results of LCA studies conducted by Lenzen (1999a, 1999b) have proved that even 
extensive P-LCIA does not achieve reasonable system completeness. This 
incompleteness is not as important in comparative LCAs - as the system 
completeness will be identical for both products or processes - but it can have a much 
greater impact when considering the environmental impacts of a single product or 
process in a non-comparative LCA. 
Raynolds, Fraser and Checkel (2000) state that 100% system completeness is 
impossible to achieve in LCIA. However, Lenzen (2001a) and Treloar et al. (2000) 
have shown that a LCIA based on I-O data inherently covers a systemically complete 
range of upstream stages of the product or process and thus removes the limitations 
of traditional P-LCIA methods. 
2.5.3.2 Input-output-based life cycle inventory analysis 
A more recent approach to LCIA, that uses national average data for each sector of 
the economy, commonly known as economic I-O data, is considered by Lave et al. 
(1995), Treloar (1997), Marheineke, Friedrich and Krewitt (1998), Lenzen (2000, 
2001a), Suh and Huppes (2002) and others to be more comprehensive than previous 
methods of analysis (such as P-LCIA methods). Yet this depends on the reliability of 
the data for each sector (Treloar, 1997). I-O data represents the monetary flow of 
goods and services between sectors of a country’s economy. For Australia, the 
number of economic sectors is 106, with each of these sectors broken down into a 
maximum of 850 commodities, depending on the range of inputs to each sector. 
Process-based product quantity 
Process-based direct energy input 
M1 BP1 
Flow of goods and services 
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These monetary values are converted to energy terms with the use of national energy 
tariffs for use in LCEA and embodied energy analysis. 
Due to the truncation errors associated with P-LCIA, I-O data has been used by many 
researchers in an attempt to minimise the errors associated with traditional methods 
of LCIA. Whereas P-LCIA is usually limited to three or four stages upstream of the 
main product, input-output-based LCIA (IO-LCIA) is capable of assessing an infinite 
number of upstream stages, thus including the full range of direct and indirect inputs 
into any product or process. For this reason, the use of IO-LCIA can avoid the 
truncation errors associated with P-LCIA (Lenzen, 2002). 
Since the development of the use of I-O data for LCIA by Leontief (1966) in the 
1940s, it has become widely used in LCA studies (Ayres, 1995). Due to the inherent 
completeness of IO-LCIA, the need to define a scope for the LCA study prior to 
conducting the LCIA is usually alleviated. This is in contrast to a P-LCIA, which 
relies heavily on a well defined scope to direct the study towards its intended goals. 
The use of I-O data is also helpful in reducing the cost and time required in 
performing a LCIA (Lave et al., 1995). However, I-O data is rarely used alone in the 
LCIA stage as there are, as discussed previously, many problems with the reliability 
of this method. 
The level of completeness of the IO-LCIA method is shown in Figure 2.8, with the 
white triangle representing an I-O-based direct energy figure for the basic product, 
and the system boundary completion shown by the dotted square. 
 
Figure 2.8  System boundary completion with input-output-based life cycle 
inventory analysis 
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The IO-LCIA approach should only be seen as a method of estimating missing data, 
for there are important limitations related to the use of current I-O models in LCIA 
(Marheineke, Friedrich and Krewitt, 1998; Suh, 2000; Carnegie Mellon University, 
2002; Suh, 2002). Although I-O-based methods of assessing environmental impacts 
of a product or process aim to improve the completeness of the process-based 
method, they are still unreliable as they are based on many inherent assumptions 
(Treloar, 1997). For instance, capital goods are not currently counted as inputs in the 
I-O convention (Marheineke, Friedrich and Krewitt, 1998). A further problem with 
current I-O data is the level of aggregation. The main limitations of IO-LCIA are 
briefly described below. 
Age of input-output data 
The base year for the I-O data and the sector classifications may influence the results. 
Due to the time lag in the release of I-O tables (usually up to five years), the 
accuracy of the values in terms of the current day processes can be diminished. The 
length of time it takes for I-O tables to be released and the time between each release 
means that changes in the classification of sectors are also likely to change from one 
table to the next (ABS, 2001b). Errors can also be made when using an I-O table that 
is out of date in combination with process data which may be more recent. These 
errors are due to changing price levels and tariffs from year to year. 
Homogeneity assumption 
One of the main limitations and errors in the use of IO-LCIA is the homogeneity 
assumption. This is the assumption that each of the economic sectors produces a 
single output, i.e. all of the products of a single sector are produced in fixed 
proportions or are direct substitutes for each other, and, moreover, that each sector 
has a single input structure and there is no substitution between products of different 
sectors (Carter, Peet and Baines, 1981; Miller and Blair, 1985; Worth, 1993; Treloar, 
1996). The sectors in which the economy is divided are homogenous in an economic 
sense but not necessarily in terms of energy flows (Worth, 1993). Although the ABS 
strives to minimise the errors associated with the homogeneity assumption, Pullen 
(1995) has estimated the errors associated through homogeneity to be +/-18%. 
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Proportionality assumption 
The use of I-O tables assumes that industries within a sector will pay the same price 
for products from other sectors. It also assumes that a change in output from a 
particular sector will lead to a proportional change in the input (Carter, Peet and 
Baines, 1981; Worth, 1993; Treloar, 1996). With economies of scale or other 
changes in the manufacturing processes (e.g. reduced labour), this assumption may 
become invalid (Worth, 1993). 
Conversion of economic data to energy data  
As each of the sectors of the economy into which I-O tables are divided includes 
such a wide range of materials, the range of energy requirements for each of these 
materials also varies greatly. This variation is where errors associated through the 
application of fuel tariffs will occur, as conversion of economic data to energy data is 
assumed the same across all of the sectors. However, each material can have a 
different fuel mix, and thus tariff, in its production (Worth, 1993; Alcorn, 1997; 
Marheineke, Friedrich and Krewitt, 1998). Any one sector of the economy (from 
which the I-O data is based) contains many products for which the ratio of price to 
energy-input is not necessarily the same (Treloar et al., 2000). For example, the price 
difference between two types of motor car, for example a Porsche 911 and a Ford 
Ka, is much greater than the relative difference in energy requirements, but both 
products belong to the same sector. 
Use of national averages 
As the collection and reporting of I-O tables is based on a national approach, with an 
averaging of monetary flows from one sector to the other, the application of this 
national average data to specific products and processes, which are manufactured in 
specific locations and factories, causes errors. 
As the I-O data is not product or location specific, discrepancies can occur between 
the national I-O values and the actual process values for each specific product made 
in each specific location. Other factors, such as the degree of prefabrication, 
economies of scale, source of raw materials and transportation are also areas where 
these discrepancies can occur. 
Chapter 2: Background                                 Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 35 
Capital equipment 
I-O tables do not consider the purchase/input of capital equipment by sectors, such as 
machinery for product manufacture, but rather as outputs of the economic system 
(Lenzen, 2001b). As these purchases are made on an irregular basis the capital inputs 
need to be apportioned over the life of the equipment. This apportionment in itself 
brings a number of other problems, such as the determination of the life of the 
equipment and its replacement periods. 
As few companies have data on the value of their plant, and those that have can 
sometimes find it difficult to determine the time that the plant was used in production 
for amortising capital energy (Alcorn, 1997), it is difficult to calculate and include 
the energy embodied in products through the purchase and use of capital equipment. 
For this reason, many energy analysis studies have not included the energy of capital 
equipment (Alcorn, 1997; Marheineke, Friedrich and Krewitt, 1998). Alcorn (1997) 
has found that the energy input from capital equipment was less than the margin of 
error (2%) for the IO-LCIA, whilst Lenzen (2001b) and Gorree et al. (2002) have 
estimated it to be 10-17%. However, Suh (2002) still believes that the inclusion of 
capital goods can be improved. 
Sector classification/aggregation 
Most of the problems associated with the validity of I-O data relate mainly to high 
levels of aggregation (Sebald, 1974; Bullard and Sebald, 1988; Suh and Huppes, 
2002). Due to this aggregation, the number of sectors in current I-O tables is too 
limited (Voorspools, Brouwers and D'haeseleer, 2000). Furthermore, as I-O tables 
are not usually designed for assessing the environmental impact of products and 
processes, a large number of the industries that are associated with significant 
resource consumption and emissions are highly aggregated (Kohn, 1972). An 
expansion of the number of sectors may thus be necessary to provide more accurate 
results. 
The errors and limitations associated with P-LCIA and IO-LCIA are identified and 
supported by Treloar et al. (2000), who recognise that many of the items and 
processes are neglected when using process data, and that many assumptions are 
necessary with the use of economic I-O data. However, Lenzen (2001a, p128) has 
demonstrated that the errors associated with I-O data ‘are often significantly lower 
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than the truncation error of a typical process-based LCA’. Miller and Blair (1985) 
have estimated the combined errors associated with I-O data to be +/-50%. 
Although the values given by I-O tables have a large variance, I-O tables are still 
seen as a useful tool for LCA and LCEA if the number of components of a product is 
large enough (Yoshida et al., 2002). Suh (2002) suggests that with the large 
variances in I-O results the use of results based on pure I-O data should be limited. 
However, the use of I-O data may not be necessary for simple products, as P-LCIA 
may be sufficient for a product with a small number of components. Huijbregts et al. 
(2001) believe that the uncertainty associated with current data collection methods 
and use can be dealt with by filling in the gaps in traditional LCIA methods, and by 
applying uncertainty factors to non-representative data. Hybrid LCIA methods are 
seen as one method of filling in these gaps. 
2.5.3.3 Hybrid life cycle inventory analysis 
The limitations of the above two methods of LCIA restrict their reliability and 
completeness of results and have resulted in the development of two hybrid methods 
of LCIA. These two methods have been developed in an attempt to minimise the 
limitations of the two traditional methods by combining the reliability of the process 
data with the comprehensiveness of the economic I-O data. Treloar et al. (2000) have 
justified the need for a more comprehensive LCIA method as existing methods of 
LCIA do not adequately account for inputs to upstream processes. Lave et al. (1995) 
also support the need for a hybrid LCIA method to increase completeness, through 
the integration of conventional LCIA data into the I-O model. 
The two hybrid methods use data from both the inputs into the manufacturing 
process as well as the national average I-O data. The hybrid method used by Bullard, 
Penner and Pilati (1978), McArdle et al. (1993), Buchanan and Honey (1994), Pullen 
(1995) and Fay (1999), which is based on the use of manufacturing process data 
(process-based hybrid LCIA), is seen as incomplete because some processes are 
neglected (Treloar, 1998). The second hybrid method, developed by Treloar (1998), 
is based on I-O data, with the substitution of process data for some components of 
the I-O model (input-output-based hybrid LCIA). These two hybrid methods are 
described in detail below. 
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Process-based hybrid life cycle inventory analysis 
Process-based hybrid LCIA (PH-LCIA) is seen to be more specific and reliable than 
an IO-LCIA. This method was developed initially by Bullard, Penner and Pilati 
(1978) and involves quantifying material inputs for an individual product and then 
applying an energy intensity that is derived using I-O data and based on the price of 
the material. Since its development, this method has been demonstrated by McArdle 
et al. (1993), Buchanan and Honey (1994), Pullen (1995), Treloar (1996) and Fay 
(1998, 1999), amongst others. This method, however, has similar limitations to 
P-LCIA as the need for a system boundary means that many of the upstream stages 
are not included in the assessment. Lenzen (2000) believes that these omissions may 
be in the order of 50-80% of the total inputs. Treloar (1998) gives an example of this, 
as the inputs to the manufacture of a complex product are often assumed to be 
represented by the basic materials contained in them (for example, the steel and 
copper in an electric motor). There are however, many inputs to a product or process 
other than the inputs associated with the basic materials. Moreover, errors can result 
from the derivation of material intensities, which are estimated to be in the order of 
6.6% (Pullen, 1995). The level of completeness of a PH-LCIA is shown in 
Figure 2.9, with the P-LCIA upstream truncation for M1 fixed. This means that the 
PH-LCIA solves the completeness for the process-based components, although there 
is still sideways and downstream truncation, such as the omission of other materials 
and direct energy into the main product. An example of this is given by Treloar 
(1996, p18), who states that ‘the energy to transform basic materials into complex 
products is almost always ignored’. 
 
Figure 2.9  Downstream and sideways truncation in process-based hybrid life 
cycle inventory analysis 
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Input-output-based hybrid life cycle inventory analysis 
While the PH-LCIA method may be more reliable than a hybrid method based on 
I-O data because it is based on the more reliable process data, the priority of LCIA 
methodological development should be to improve the completeness of the method 
in the first instance (Treloar, 1997). 
Input-output-based hybrid LCIA (IOH-LCIA) is seen to be complete, more elegant, 
less data and labour intensive and easier to perform (Lenzen, 2001a). This method 
combines both process data and I-O data in order to maximise the reliability and 
completeness of the LCIA results. 
The direct inputs to a specific product or process at the focus of the LCA are 
calculated using process data. This data is usually easy to obtain and using process 
data maximises the reliability of the data at this stage. The process values are 
substituted into the I-O model for the equivalent I-O values without altering any of 
the upstream processes or truncating the system boundary of the I-O model (Treloar 
et al., 2003). If other processes are found to be important, process data for those 
processes can also be collected at this stage (Treloar et al., 2003). To maximise 
system completeness, further upstream indirect processes are accounted for using I-O 
data. 
The combination of these two methods in calculating the total inputs to the process 
therefore ensures that the system is complete and the selection of a system boundary 
is not necessary. However, there is still some doubt amongst researchers as to the 
reliability of this method due to the use of the I-O data which is based on national 
averages and is not therefore product specific (Hendrickson et al., 1997). Figure 2.10 
shows the completeness of an IOH-LCIA. The sideways and downstream truncation 
of the PH-LCIA is filled in with I-O data. 
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Figure 2.10  System boundary completion with input-output-based hybrid life 
cycle inventory analysis 
Treloar et al. (2000) have proposed and developed an IOH-LCIA method in order to 
increase the completeness of the LCIA framework. Reliable product specific data of 
the main inputs to the process are incorporated into the I-O model. This 
incorporation is done by extracting the list of inputs or ‘paths’ from the appropriate 
sector of the I-O model, within the preselected threshold value (typically 
0.0001 GJ/$1000), using the algorithm developed by Treloar (1998). The paths for 
which process data is available are subtracted from the I-O model and substituted 
with the product specific process data. These paths represent the downstream flows 
of goods and services (including energy) from one sector to another and extracted 
from the I-O model. 
Treloar et al. (2000, p8) have outlined the possible steps of obtaining the data of 
LCIA using hybrid techniques, as follows: 
1. ‘derive an input-output LCIA model; 
2. extract the most important paths for the appropriate sector; 
3. derive case specific LCIA data for the product or process being studied; 
4. substitute the case specific LCIA data into the input-output model.’ 
BP1 M1 …  
…  
Process-based product quantity 
Process-based direct energy input I-O-based direct energy input 
…  Sum of infinite upstream energy inputs 
upstream 
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Although these newly developed hybrid methods of LCIA inherently cover a greater 
proportion of the upstream processes than traditional LCIA methods, the uncertainty 
of the data in all of these methods of LCIA is a significant problem. Hendrickson et 
al. (1997) believe that while data remains unreliable, LCIA on a more refined level 
may not be meaningful. Hybrid methods may just be increasing the possible range of 
errors associated with the data for LCIA. However, Treloar, Love and Crawford 
(2003) believe that this is not the case and that further efforts to increase the 
completeness of LCIA methods are still worthwhile. 
2.5.3.4 Limitations of input-output-based hybrid life cycle inventory analysis 
For current hybrid LCIA methods, the associated errors vary between the respective 
error values for the P-LCIA and IO-LCIA methods. These errors vary depending on 
the mix of process and I-O data (Treloar et al., 2003). 
Whilst it may be more difficult to address any further improvements in the quality of 
process and I-O data, there are improvements that can be made with the hybrid 
methods themselves. For example, the current IOH-LCIA method developed by 
Treloar (1998) has a number of limitations and errors. The purchase of capital 
equipment, such as machinery for manufacture of specific products, is not considered 
in the I-O model used by Treloar (1998). 
Lenzen (2000, 2001b) has proposed a way of accounting for capital flows with the 
use of sources other than I-O tables, although several studies have shown that capital 
inputs may account for as little as 2% (Alcorn, 1997) or as much as 10-17% (Lenzen, 
2001b; Gorree et al., 2002) of the total LCIA. The current availability of I-O models 
that sufficiently account for capital inputs is limited. 
The current model of IOH-LCIA developed by Treloar (1998) also has another flaw. 
Treloar (1998) proposes that any modification of a direct energy intensity of a path 
should not affect the indirect energy requirement of that path, with the exception of 
some service sectors, such as ‘banking’. However, as the following example shows, 
this is not necessarily the case. 
In a building constructed using steel roofing, the ‘sheet metal products’ path will be 
substituted with process data, whilst the paths representing other types of roof (for 
example, ‘plaster and other concrete products’ for a concrete tiled roof) need to be 
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deleted from the I-O total energy intensity (TEI) of the I-O model, as these are not 
used in the building. Therefore, with the direct energy component of the ‘plaster and 
other concrete products’ path deleted, the indirect inputs will also need to be deleted 
as these upstream paths are also not used. 
As the ‘national average roof’ includes a percentage of every roof type, when a 
specific roof type is chosen, as in this example, not only will the path of the roof 
types that are not selected decrease but also the direct and indirect paths of the roof 
type that is selected will increase (Treloar, 2003). Therefore, the list of IOH-LCIA 
methods outlined by Treloar (1998, p37) should be updated to include the 
‘modification of total energy paths with process data’. This is shown in Figure 2.11, 
where the TEI of the ‘sheet metal products’ path (SMP) into the ‘residential building’ 
sector (RB) will be subtracted, rather than just the direct energy intensity (DEI) of 
the path for which we have a process value. In the case of the IOH-LCIA method, the 
PH-LCIA results are used for substitution into the I-O model to replace the 
equivalent I-O values of those inputs. As the PH-LCIA results include all of the 
upstream inputs to the steel roofing, all of the equivalent paths in the I-O model need 
to be subtracted to avoid double counting. 
 
Figure 2.11  Modification of total energy intensity paths in the input-output 
model 
RB   SMP 
...  
...  
TEI of SMP path into RB 
I-O-based direct energy input 
…  Sum of infinite upstream energy inputs 
I-O-based product quantity 
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The improvement to the IOH-LCIA method, developed by Treloar (1998), to account 
for the replacement of TEIs rather than DEIs has been demonstrated by Crawford 
and Treloar (2003). 
2.5.4 Previous life cycle assessment studies 
Life cycle assessment studies have been performed on a number of products, 
including: packaging containers, washing machines and other household appliances, 
buildings, other products, and various components of renewable energy systems. 
These studies have used the range of LCIA methods outlined above, and thus, 
depending on which method has been used, end up with varying and, even in some 
cases, conflicting results. Some of these are described below. 
2.5.4.1 Previous process-based LCA studies 
A LCA conducted by Deni Greene Consulting Services (1992) on a number of 
washing machines, used P-LCIA methods in collecting inventory data for each of the 
washing machines. This study was drawn from a similar study in the UK by PA 
Consulting Group (1991). The purpose of the former study was to assess the 
significance of differences in manufacture, transport and operation on the overall 
environmental impact of washing machines between the UK and Australia. Although 
this study involved a greater depth of investigation than the UK study, the inherent 
problems of using only P-LCIA methods are apparent. The materials used in the 
manufacture of the washing machines were broken down into the raw materials 
needed for their manufacture. The only inputs that were considered to each of these 
raw materials were the direct inputs, such as energy, water and chemicals. Therefore, 
a significant number of indirect inputs were excluded from the study due to the use 
of the P-LCIA method. The exclusion of these indirect inputs has lead to a truncated 
system boundary, producing results which are possibly inaccurate. 
A study by Fossdal (1995) also used the SETAC process-based method of LCIA for 
a LCA of a number of buildings in Norway. The same omissions and exclusions as 
occurred in the previous study are apparent. The assessment of inputs has been 
limited to only those direct inputs in the five stages of a building’s life cycle (see 
Figure 2.12), meaning that the majority of upstream inputs have been ignored. Some 
of the exclusions include: the energy consumption of the buildings and machinery 
where the building materials are produced, raw materials representing less than 1% 
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(these may have significant environmental impacts, even if in small quantities), and 
the energy consumed in transportation. The exclusion of these inputs has an impact 
















Figure 2.12  Fossdal’s (1995) assessment of the five stages of a building life cycle, 
limited to the downstream inputs 
2.5.4.2 Previous input-output-based LCA studies 
Voorspools, Brouwers and D’haeseleer (2000) performed a LCA on emission-free 
power plants in various European countries. This LCA was performed firstly by 
using P-LCIA methods and by, secondly, comparing the results obtained with those 
using IO-LCIA for the same study. The total energy inputs obtained using the 
IO-LCIA were up to three times greater than the results of the P-LCIA. This 
discrepancy shows that there can be a significant number of indirect inputs that are 
not accounted for in the process method. The limited system boundary drawn around 
the processes when using a P-LCIA has been shown by Voorspools, Brouwers and 
D’haeseleer (2000) to create a major limitation on the results. 
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A study by Suzuki and Oka (1998) on the life cycle impact of office buildings in 
Japan used an IO-LCIA to determine the energy consumption and CO2 emissions of 
office buildings. This study emphasises the errors in using this method of LCIA. 
These include the use of average figures for the goods and services consumed in the 
construction of office buildings, where the nature of work for a specific building is 
different from the average. In this case, the use of I-O data will lead to unreliable 
results. The price of these goods and services was not in all cases taken from the 
same year as the I-O data, which may have led to significant errors if there had been 
a considerable rise in the price of construction materials. Another significant error 
incorporated into this study with the incorrect use of I-O data is the consideration of 
materials from other countries, due to the errors associated with the analysis of 
imported materials. 
2.5.4.3 Previous process-based hybrid LCA studies 
There appears to be only a limited number of LCAs conducted using PH-LCIA. 
However, a number of LCEA studies have been carried out using the PH-LCIA 
method. Oka, Suzuki and Konnya (1993), in their estimation of the energy 
consumption resulting from building construction, used a PH-LCIA in which they 
quantified the product quantities for the entire building and applied a specific energy 
intensity, derived using I-O data, to each specific material. This method has similar 
limitations to P-LCIA because of the need for a limited system boundary. This 
limited system boundary means that many of the upstream inputs of goods and 
services were not included in the assessment. Buchanan and Honey (1994) conducted 
a similar study of building construction in New Zealand. Their study had similar 
limitations to that of Oka, Suzuki and Konnya (1993) since a significant number of 
the energy intensity figures were calculated only to the first or second stage of 
analysis. Therefore, this study has not accounted for all of the upstream inputs to the 
building construction process. 
2.5.4.4 Previous input-output-based hybrid LCA studies 
Cobas-Flores et al. (1996) conducted a LCA on batteries using an IOH-LCIA 
method. An I-O model was used in order to maximise the completeness of the 
results, and this data was integrated with product specific data for the batteries being 
studied. However, the study has a number of errors due to flaws in its method. 
Process data is incorporated into the I-O model as an additional sector and therefore 
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it is possible that too much time was spent on quantifying small stage 1 inputs, while 
there were overlooked and potentially more important paths upstream (Treloar, 
1998). 
The method proposed by Treloar (1998) also integrates process data within the I-O 
model. However, the important paths are extracted from the I-O model and all 
unimportant paths are retained. The direct energy paths, consisting of process data, 
are then incorporated into the I-O model. Lenzen (2002) sees this method of 
extraction as a valid method for completing existing PH-LCIA methods. This type of 
analysis has been used in several LCEA studies (Crawford, 2000; Fay, Treloar and 
Iyer-Raniga, 2000; Crawford, Treloar and Bazilian, 2002), which have demonstrated 
the possible significant impact on results from using either of the traditional P-LCIA 
or IO-LCIA methods. Differences in embodied energy of up to 50% have been 
found. 
Other studies, now found to be incomplete in system boundary, include those by Hill 
(1978), Bekker (1982), Baird and Chan (1983), D’Cruz et al. (1990), Oppenheim and 
Treloar (1994), Tucker et al. (1994), Viljoen (1995), Lawson (1996), Adalberth 
(1997) and Pullen (2000). In a summary of a number of life cycle studies, Berube 
and Bisson (1992) found that none of the authors had attempted to determine the 
extent to which any uncertainty or variability affect the final results of the individual 
studies. They found that the main reasons for this were inadequately identified 
information sources and inaccessible databases. Evaluation of the effect of errors on 
LCIA results is therefore necessary. 
2.6 Evaluation of LCIA results 
Due to the errors associated with traditional P-LCIA and IO-LCIA methods, 
approaches for evaluating the reliability and accuracy of results obtained from 
traditional LCIAs are needed. The assessment of the LCIA results is needed to 
determine the level of confidence that can be put in the final outcomes of the LCA. 
Whilst there has been only a small number of these assessments actually carried out, 
due to a lack of available methods and sufficient reliable data for such an analysis 
(Nijkamp et al., 1992; Coulon et al., 1997; Lenzen, 2000; Maurice et al., 2000; 
Huijbregts et al., 2001; Bjorklund, 2002; Hondo, Sakai and Tanno, 2002; 
Sonnemann, Schuhmacher and Castells, 2003), several researchers have developed 
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and used methods to test the accuracy and reliability of P-LCIA as well as IO-LCIA 
results. 
The priority when assessing LCIA results should be to focus primarily on the data 
which may have a high uncertainty, and only then on that data which contributes 
significantly to the overall LCIA results (Heijungs, 1996; Maurice et al., 2000). 
Figure 2.13 shows how the uncertainty of different factors contributes to the total 
uncertainty of the LCIA result (Heijungs, 1996; Maurice et al., 2000; Bjorklund, 
2002). One input value may have a high uncertainty, but still be insignificant in 
terms of its contribution to the overall system. On the other hand, an input with a 
significant contribution may have a low uncertainty (Bjorklund, 2002). 
 
Source: Heijungs, 1996 
Figure 2.13  Importance of uncertainty and contribution of inputs in evaluation 
of life cycle inventory analysis results 
Uncertainty generally arises due to a lack of knowledge about the true value of a 
quantity (Bjorklund, 2002). The different reasons for the uncertainty of LCIA results 
have been identified by Sonnemann, Schuhmacher and Castells (2003). These 
include: inaccurate measurements, a lack of data and method assumptions. 
In the assessment of the results of the various methods of LCIA for accuracy and 
reliability, most emphasis has been given to the problems associated with process 
data. The consideration of too few upstream inputs in P-LCIA has led to considerable 
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truncation errors include Bullard, Penner and Pilati (1978), Boustead and Hancock 
(1979), Heijungs (1996), Maurice et al. (2000), Huijbregts et al. (2001) and Lenzen 
(2001a). 
The evaluation of the degree of truncation and errors associated with P-LCIA results 
has been performed with methods such as sensitivity analysis, Monte Carlo 
simulation and truncation error analysis. These are discussed below. 
Uncertainty analysis is usually the generalised term given to a range of methods used 
for evaluating the problems associated with LCIA data, such as sensitivity analysis 
and Monte Carlo simulation. These methods are used to ascertain and quantify the 
uncertainty introduced into the results of a LCIA due to the combined effects of data 
uncertainty and variability (Bjorklund, 2002).  
Uncertainty factors are used to express the influence of uncertainties in input data on 
uncertainties in output data (Heijungs, 1996; Huijbregts et al., 2001). It is then 
possible to quantify the accuracy of LCIA results in terms of the accuracy of the 
input data used. This evaluation can provide a criterion for establishing which 
uncertainty of input data is mainly responsible for the large margin of error, and if 
the collection of more accurate data is needed (Heijungs, 1996).  
Sensitivity analysis can be used to determine the inputs of a LCIA which contribute 
most significantly to the overall uncertainty of the LCIA results. Sensitivity analysis 
can also be used as a procedure for estimating the effects on the outcome of a study 
of the chosen methods and data (Bjorklund, 2002). The sensitivity of a quantifiable 
data input is the influence that one parameter has on the value of another (Bjorklund, 
2002). The possible lower and upper values of each of these parameters is 
determined and evaluated (Heijungs, 1996). Those inputs, which vary widely, may 
have a greater influence on the final results (Hondo, Sakai and Tanno, 2002). 
Whilst sensitivity analysis is capable of evaluating the contribution to the variations 
in LCIA of specific inputs, the range of variation cannot be estimated (Coulon et al., 
1997; Hondo, Sakai and Tanno, 2002) and so Monte Carlo simulation is used. Monte 
Carlo simulation is an evaluation method which is used to give results in the form of 
a probability distribution around a mean value (Sonnemann, Schuhmacher and 
Castells, 2003). Parameters are used to specify probability distributions for the model 
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inputs, resulting is frequency distributions of each output (Huijbregts et al., 2001; 
Bjorklund, 2002). These results are then used to evaluate the range of uncertainty and 
variation in the process data being analysed (Treloar, 1996; Maurice et al., 2000). 
Truncation error analysis is used to assess the extent of truncation associated with the 
use of process data, usually in a PH-LCIA context (Bullard, Penner and Pilati, 1978). 
Lenzen (2001a) has developed an equation for calculating the truncation errors 
associated with process data. These truncation errors can then be converted into a 
measure of system completeness (Lenzen, 2001a). 
As was stated in Section 2.5.3.1, these evaluations have shown that the magnitude of 
the truncation error associated with process data varies with the type of product or 
process and depth of study and ranges from +/-10% (Bullard, Penner and Pilati, 
1978; Boustead and Hancock, 1979), to 50% or more (Lave et al., 1995; Lenzen, 
2000, 2001a; Lenzen and Treloar, 2003). 
Whilst IO-LCIA is a more recent method of LCIA than P-LCIA, there has still been 
considerable effort to assess the accuracy and reliability of results from the 
application of IO-LCIA to specific products. These efforts are mainly due to the 
known limitations associated with I-O data and thus the need to evaluate the 
uncertainty associated with its use (as discussed earlier in this chapter). As the data 
obtained from an I-O table is not specific, but rather an average, it is important to 
evaluate the reliability of this I-O data (Hondo, Sakai and Tanno, 2002), as the 
limitations of the I-O data become even more obvious when applied to the LCIA of 
specific products (Yoshida et al., 2002). Those that have attempted to evaluate the 
use of I-O data in a LCIA include Bullard and Sebald (1988), Lenzen (2000, 2001a), 
Hondo, Sakai and Tanno (2002) and Yoshida et al. (2002). 
The evaluation of the reliability and accuracy attributable to IO-LCIA results has 
been performed by a number of methods. These methods are identical to those used 
for evaluating P-LCIA, including sensitivity analysis and Monte Carlo simulation. 
With the use of an error analysis of the various uncertainties associated with I-O 
data, Lenzen (2000) has calculated the relative standard errors associated with I-O 
data to range from 10-15%. Lenzen (2001a) has shown that the uncertainties 
associated with IO-LCIA are small for those sectors of the I-O model with either a 
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large direct energy intensity or a small number of upstream inputs of goods and 
services. However, the uncertainties resulting from allocation and proportionality 
assumption in I-O data can be in the order of 50% (Miller and Blair, 1985; Lenzen, 
2001b). 
With the use of Monte Carlo simulation, Bullard and Sebald (1988) have shown that 
for the United States I-O tables, data uncertainties are at acceptable levels, due to the 
combination or canceling out of one another. It was also shown that LCIA results 
appeared to be insensitive to the level of aggregation of the model, and thus the 
uncertainties associated with IO-LCIA does not prevent it from being a reliable 
method for LCIA (Bullard and Sebald, 1988). Monte Carlo simulation has also been 
used by Lenzen (2001a) to show that the uncertainties associated with IO-LCIA are 
lower than the truncation errors of P-LCIA. 
Whilst several researchers have attempted to determine and evaluate the range of 
uncertainties in LCIA data, Huijbregts et al. (2001) believe that further research 
towards clarifying estimates of uncertainty in LCIA data is necessary. 
With the development of hybrid LCIA methods, there has been some further 
development in the evaluation methods used for assessing the reliability and 
accuracy of LCIA results. The combination of process data with I-O data to form the 
hybrid LCIA approaches has led to specific methods for evaluating the results from 
the application of hybrid LCIA methods. 
Due to its recent development compared to P-LCIA and IO-LCIA, the number of 
methods available for evaluating the hybrid LCIA results is extremely limited. Those 
that have attempted to assess the hybrid LCIA results for reliability and accuracy 
include Treloar (1998) and Lenzen (2001a). 
Whilst IOH-LCIA methods have been developed to minimise the limitations 
associated with PH-LCIA methods, there is still a need to evaluate its use. The need 
to test the IOH-LCIA method is due to this method being based on the traditional 
methods of LCIA, and while the IOH-LCIA method minimises these errors, it still 
contains some of the errors of the traditional LCIA methods. The degree to which 
this occurs is the subject of this research. 
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The few methods of evaluating the reliability and accuracy of results from a hybrid 
LCIA that have been used include truncation error analysis, Monte Carlo simulation, 
gap analysis and comparative analysis. 
In his evaluation of hybrid LCIA methods, Lenzen (2001a) uses both truncation error 
analysis and Monte Carlo simulation. Truncation error analysis is used to evaluate 
the process data component of the hybrid inputs and results, whilst Monte Carlo 
simulation is used to evaluate the I-O data components. This is not unlike combining 
the evaluations of the two traditional LCIA methods. Hence, a true evaluation of the 
hybrid result is not possible. 
Unlike Lenzen (2001a), Treloar (1998) has developed and demonstrated a method 
for the evaluation of hybrid LCIA results that looks at the combined effects of the 
process and I-O data components, rather than considering the two methods 
separately. This combined evaluation is necessary, as not only is the level of 
uncertainty of the process and I-O data of importance, but also of significance is the 
accuracy of the I-O data for replacing process data in a hybrid LCIA. 
Gap analysis is used to assess the difference between P-LCIA results and hybrid 
results, as an evaluation of the completeness of each method (Treloar, 1998). Based 
on the proportion of process data to I-O data in a hybrid LCIA, conclusions can be 
drawn as to the overall reliability and accuracy of the hybrid results. A larger 
proportion of process data may indicate that more certainty can be put into the 
reliability of the results, whilst a small proportion of process data may indicate that 
the overall results are unreliable due to the large proportion of I-O data. 
Comparative analysis is used to compare the equivalent I-O values for the process 
data components that are used in an IOH-LCIA (Treloar, 1998). The I-O values are 
those values from the I-O model, which through the application of the IOH-LCIA, 
are substituted with process data. The process values are therefore those which are 
substituted in place of the I-O values in the I-O model. These two comparable figures 
are then plotted on an x-y graph (Figure 2.14) to compare the I-O values against the 
more reliable process values (Crawford and Treloar, 2003). Such a comparative 
analysis is seen by Jönsson (2000) as an essential tool for comparing different 
methods of LCIA, and to help avoid duplication of effort when creating these 
assessment tools and methods. It may also be possible to perform a statistical 
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analysis of the LCIA results for a comparison between a larger number of case 
studies. 
Treloar (1998), in his demonstration of the use of the IOH-LCIA method on an 
individual residential building, performed a gap analysis, showing that approximately 
51% of the total embodied energy for the demonstration building consisted of 
process data. With 49% of the total embodied energy of the building represented by 
I-O data, almost half of the total figure can be considered to be unreliable, although 
this figure can be considered much more comprehensive than those from a P-LCIA 
or PH-LCIA. Whilst process data is considered to be more reliable than I-O data, the 
reliability of I-O data has shown gradual improvements. As available process data 
becomes older and is not updated it is known to be unreliable for specific products. 
Treloar (1998) also performed a comparison of LCIA results from the demonstration 
building to show the correlation between the initial I-O values and the modified 
process values of the IOH-LCIA direct energy paths (Figure 2.14). This analysis 
shows that there is little correlation between the initial and modified values. This 
lack of correlation is evidenced by the large distribution of the values and the 
increase in their value (Treloar, 1998). 
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Source: Treloar, 1998, p132 
Figure 2.14  Comparison between initial and modified values for direct energy 
paths with modified product quantities, demonstration building 
As Figure 2.14 shows that all of the modified values are greater than the initial 
values (shown by all of the points appearing above the dashed diagonal line) then the 
use of I-O data to improve the system boundary completeness is likely to be 
conservative (Treloar, 1998). 
2.6.1 Hybrid life cycle inventory analysis method validation 
This chapter has so far outlined the need to assess life cycle energy consumption of 
buildings and building products to determine the life cycle stage in which the 
majority of this energy is consumed. Many methods are available for achieving this, 
with LCEA considered to be the most appropriate. However, the need to re-evaluate 
the adequacy of existing LCEA methods and to focus on ensuring that the LCIA step 
of a LCEA is more complete, enabling a more reliable and comprehensive basis for 
the further steps of a LCEA study, are also highlighted as areas of major concern 
(Tillman et al., 1994; Treloar, 1997). 
With existing methods of LCIA considered to be inadequate in terms of 
completeness (P-LCIA and PH-LCIA) and reliability (IO-LCIA and PH-LCIA), the 
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IOH-LCIA method developed by Treloar (1998) appears to have the most promise 
for the future direction of LCIA by providing a comprehensive system boundary. 
Rebitzer, Loerincik and Jolliet (2002) and Nielsen and Weidema (2000) believe that 
a hybrid approach to LCIA seems to be very promising. They also believe that 
extensive further research and case studies are necessary to improve and validate its 
application. Undertaking this validation is the main purpose of this thesis. 
Treloar’s (1998) IOH-LCIA method needs to be tested, particularly with regard to 
the verification of the use of I-O data. The I-O data component of the IOH-LCIA 
needs to be tested to determine the probability of the I-O values being correct and, 
moreover, the level of confidence that can be put in these values (Worth, 1993). 
Treloar (1996, 1998) has also identified the need for verifying the use of I-O data by 
comparing individual components of I-O derived material energy intensities to the 
more reliable process values. While such a comparative analysis has been performed 
for direct energy paths, and for one demonstration building, Treloar (1998, p185) 
believes that the ‘IOH-LCIA method should be tested on other residential buildings, 
and other building types and products’. This testing needs to be performed with the 
replacement of TEI paths, rather than DEI paths, as discussed in Section 2.5.3.4, and 
across a broad level of detail. This level of detail includes material energy intensities, 
material inputs and on a whole building or product level to determine the universality 
of the IOH-LCIA method in relation to the complexity of objects analysed. 
Hendrickson et al. (1997) also believe that comparisons between results of different 
LCIA approaches are necessary ‘in order to validate the results and benchmark the 
different models against each other’. Only through testing can the degree of 
reliability, the universality of application and the overall applicability and 
completeness of the IOH-LCIA method be fully verified and assessed in comparison 
with traditional LCIA methods. 
2.7 Summary 
This chapter has discussed the increasing need to minimise the impacts that we, as 
humans, have on the environment in order to create a sustainable future. This needs 
to be done urgently and many researchers have devised means of helping to achieve 
this. We live in a consumer driven society and thus the majority of our impacts occur 
from the products that we purchase in our everyday lives. Environmental impact 
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assessment is a necessary tool for assessing the environmental impacts of products or 
processes, and also for making pollution prevention decisions. 
Whilst LCA appears to be the most promising method of environmental impact 
assessment available at present, current methods of LCA suffer from several 
problems and limitations. Many of these problems are interrelated and include: lack 
of knowledge and awareness, methodology gaps, lack of quality data, data collection, 
interpretation of results, and time consuming. 
With the construction and operation of buildings being a significant contributor to 
Australia’s energy use and energy related greenhouse gas emissions, there is a need 
to assess the environmental impacts and loadings from the construction and operation 
of buildings to help determine where improvements can be made in terms of 
minimising these impacts. The extent of these impacts will depend significantly on 
the method of LCIA that is used. 
Traditional methods of LCIA, including P-LCIA and IO-LCIA, have been shown to 
be incomplete and unreliable. As the results of this step are used in the subsequent 
steps of a LCA, and thus these steps rely on having accurate data from the inventory 
analysis, this is the most important step in any LCA. However, as currently practiced, 
LCIA methods are seriously incomplete and therefore likely to lead to both 
quantitative and qualitative errors. The development of hybrid LCIA has attempted 
to minimise the limitations of the more traditional methods. However, their use is 
very limited to date due to a lack of validation efforts. 
IOH-LCIA has been shown to increase the completeness of LCIA results, whilst 
maintaining the reliability of traditional LCIA methods. The use of an IOH-LCIA 
will enable a more reliable comparison between products or processes to be made 
together with cost and time savings and improvements in the data collection process. 
With this increase in framework completeness, which may potentially result in more 
comprehensive analysis of environmental impacts, the results obtained from 
downstream steps of the LCA should also be much more reliable. Addressing the 
gaps in traditional methods of LCIA by combining process data with economic I-O 
data should help to provide a more reliable and comprehensive assessment of the 
environmental loadings of any product or process. 
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Nielsen and Weidema (2000) have shown that an IOH-LCIA may be the most 
promising method for conducting a LCIA into the future. Whilst traditional LCIA 
methods have been evaluated in terms of accuracy and reliability of final results, 
evaluation of the IOH-LCIA method is yet to be performed. The methods involved in 
evaluating the reliability and completeness of the IOH-LCIA method are described in 
Chapter 3. 
2.8 Research Questions 
The evaluation of the IOH-LCIA method needs to determine the ability of this 
method to produce reliable and comprehensive inventory results. The universality - 
whether it can be applied to a large range of product types - of the IOH-LCIA 
method also needs to be evaluated, together with the suitability of using I-O data to 
replace process data for LCIA. This leads to a number of research questions that shall 
be answered in the remainder of this study. These are: 
 
1. does I-O data provide a sufficiently accurate representation of the equivalent 
process data, on a material energy intensity level? 
 
2. does I-O data provide a sufficiently accurate representation of the equivalent 
process data, on a material level? 
 
3. does I-O data provide a sufficiently accurate representation of the equivalent 
process data, on a whole product level? 
 
4. is hybrid LCIA appropriate for assessing a wide range of building product 
types?
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3. Research Method 
3.1 Introduction 
The construction and operation of buildings was shown, in Chapter 2, to account for 
an increasingly large proportion of the total energy consumption and greenhouse gas 
emissions of Australia. Whilst strategies are needed to determine the areas where the 
majority of this energy consumption occurs, Chapter 2 has shown that current 
environmental assessment methods, such as LCA, have major limitations. 
We have seen that traditional methods of LCIA, such as P-LCIA and IO-LCIA, 
suffer from several problems and limitations, including a lack of completeness and 
reliability respectively. Therefore, the results obtained from current LCAs may be 
inaccurate and thus of little use. System boundary incompleteness is therefore a 
major area where improvements in LCIA methods are needed. 
Hybrid LCIA methods have been developed to minimise the effects of the limitations 
of these traditional LCIA methods. However, those such as PH-LCIA also suffer 
from major limitations. Chapter 2 has indicated that while an IOH-LCIA method 
appears to be the most promising way forward for the LCIA step of both LCA and 
LCEA, this method is yet to be fully tested. The IOH-LCIA method needs to be 
tested across a wide range of products, particularly buildings and building related 
products, to evaluate the appropriateness of its use, particularly for addressing 
reliability and completeness issues with traditional LCIA methods. The accuracy of 
the results obtained from the IOH-LCIA needs to be evaluated by applying the 
method at various levels of detail. 
The aim of this chapter is to evaluate and select the most appropriate methods 
currently available for testing the general reliability and completeness of the 
IOH-LCIA method. This chapter also outlines the processes involved in performing 
the IOH-LCIA to buildings and building products. 
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3.2 Selection of LCIA methods 
A more comprehensive and less time consuming method of conducting a LCIA is 
needed in order to provide a more realistic assessment of the environmental impacts 
resulting from the selection and use of a particular product. Although PH-LCIA has 
been used in an attempt to minimise the limitations and problems of traditional LCIA 
methods, the need to define a limited system boundary still exists. Lenzen (2000) and 
Treloar (1998) have both identified the problems associated with this method of 
LCIA. They have shown that many of the inputs to a product are neglected in this 
type of analysis due to the limitations associated with the collection of process data. 
In order to more comprehensively fill in the gaps left by the scoping errors in 
PH-LCIA, a more comprehensive method of LCIA has been developed, namely, a 
hybrid method based on I-O data, or referred to as IOH-LCIA. IOH-LCIA has been 
shown in a number of studies by Treloar (1996, 1997, 1998) to increase the 
completeness of embodied energy analysis results, whilst maintaining the reliability 
of traditional analysis methods. The main reasons why an IOH-LCIA may be more 
superior to any other LCIA method is primarily due to the fact that this method 
assists in scoping, and that the quantification of inputs of good and services is more 
comprehensive than any other current method, filling in the gaps left by PH-LCIA. 
However, no detailed analysis has been made of Treloar’s IOH-LCIA method when 
applied to a variety of products, including buildings and building related products 
(Nielsen and Weidema, 2000). As is suggested by Hendrickson et al. (1997), 
comparisons between results of different LCIA approaches are necessary in order to 
validate the results and benchmark the different models against each other. 
Therefore, the IOH-LCIA method needs to be tested in the context of a wide range of 
products, and the results compared to those obtained using traditional methods of 
LCIA. Only then can the degree of reliability and completeness of the IOH-LCIA 
method be assessed in comparison with previous methods. This assessment is the 
purpose of this thesis. 
3.3 Evaluation methods 
The need to test the IOH-LCIA method for its reliability and completeness is due to 
the combination of two LCIA methods, namely P-LCIA and IO-LCIA, to produce 
this hybrid approach. Unlike IO-LCIA and P-LCIA, which have been tested and 
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evaluated by several researchers (for example: Bullard, Penner and Pilati, 1978; 
Boustead and Hancock, 1979; Bullard and Sebald, 1988; Heijungs, 1996; Lenzen, 
2000; Maurice et al., 2000; Huijbregts et al., 2001; Lenzen, 2001a; Hondo, Sakai and 
Tanno, 2002; Yoshida et al., 2002), the combination of process data and I-O data in 
the form of the IOH-LCIA is yet to be fully tested. It is commonly assumed that 
P-LCIA is typically based on reliable process specific data. However, the use of I-O 
data to account for missing process data in a LCIA, particularly through the use of 
the IOH-LCIA, needs to be tested to ensure the validity of this LCIA method. 
Shipworth (2002b) believes that the understanding of both uncertainty and variability 
in hybrid figures is essential. 
As noted in Section 2.6, researchers in the past have used a number of techniques to 
evaluate the various methods of LCIA. These have included sensitivity analysis, 
Monte Carlo simulation, truncation error analysis, gap analysis and comparative 
analysis. Each of the evaluation methods has its own advantages and disadvantages, 
of which are further discussed below. The appropriateness of each of these methods 
for evaluating the IOH-LCIA method is also discussed. 
3.3.1 Sensitivity analysis and Monte Carlo simulation 
Both sensitivity analysis and Monte Carlo simulation are methods used for assessing 
the uncertainty and variability of LCIA data. In the past, both of these methods have 
been accepted as being useful for the evaluation of the uncertainty and variability in 
process and I-O data (Treloar, 1994; Bjorklund, 2002). The evaluation of these 
traditional data sources for LCIA is, however, generally complicated by a lack of 
knowledge about the actual uncertainty of the data (Huijbregts et al., 2001). Maurice 
et al. (2000), believe that it is too difficult to quantify all types of uncertainty in 
LCIA and that the use of sensitivity analysis is considered to be too time consuming 
to be applied to every LCIA. Therefore, it may be necessary to focus on the 
evaluation of LCIA data at a higher level. 
Vose (1996) sees Monte Carlo simulation as a simple, promising technique to deal 
with data inaccuracy in LCIA, with the level of mathematics required being quite 
basic. However, like other forms of uncertainty analysis, Monte Carlo simulation is 
more suited to the evaluation of initial data inputs and not the final results of a LCIA. 
This is significant as the limitations and errors associated with both process data and 
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I-O data vary when applied to specific products. It is therefore most crucial to begin 
with an evaluation of LCIA methods as applied on a whole product level. Moreover, 
while sensitivity analysis and Monte Carlo simulation may be acceptable for 
evaluating process and I-O data individually, they are not necessarily appropriate for 
the comparison of equivalent process and I-O values that is required to validate a 
hybrid LCIA method. 
3.3.2 Truncation error analysis 
Truncation error analysis is used to assess the extent of incompleteness associated 
with the use of process data and indicate the measure of system completeness 
(Lenzen, 2001a). Truncation error analysis also evaluates the initial data inputs to a 
LCIA, and not the final results of a LCIA, which is needed to give a more reliable 
indication of the accuracy and appropriateness of using process data. Truncation 
error analysis is not suitable for evaluating I-O data or for comparing process and I-O 
values. Whilst truncation error analysis may be used in the evaluation of the process 
data component of a hybrid LCIA, more appropriate methods of evaluation are 
available. 
Shipworth (2002a) believes that a rigorous analysis of process and I-O data is 
difficult due to a lack of transparency of process data and a lack of simple methods 
for checking I-O models. However, this can be avoided when using gap and 
comparative analysis as these methods of evaluation focus on the final results of a 
LCIA. 
3.3.3 Gap analysis 
Treloar (1998) has shown that an analysis of the difference between P-LCIA or 
PH-LCIA results and IOH-LCIA results is possible through a gap analysis. A gap 
analysis evaluates the completeness of the P-LCIA or PH-LCIA results. This analysis 
is done by determining the total value of the LCIA added through I-O data. The gap 
can also be expressed as the percentage of completeness of the P-LCIA or PH-LCIA 
results when compared to the IOH-LCIA results for any particular product, 
component or material (3.1). 
100×−=
IOH
PIOHGAP                     (3.1) 
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Where P is the embodied energy value of the main product through P-LCIA or 
PH-LCIA; and 
IOH = the IOH-LCIA value of the main product. 
A gap is to be expected in the evaluation of the difference between PH-LCIA and 
IOH-LCIA results, as the IOH-LCIA results are based on those from the PH-LCIA. 
The extent of this gap may determine the need for the IOH-LCIA method. 
3.3.4 Comparative analysis 
In the evaluation of IOH-LCIA results, comparative analysis looks at the effects of 
combining process and I-O data components, rather than considering the two 
methods separately. This evaluation is necessary for the consideration of the 
suitability of the I-O data for replacing process data in a hybrid LCIA. The 
evaluation of the IOH-LCIA results looks at the significance of the comparison 
between the process and I-O data components (Treloar, 1998). 
As stated earlier, the I-O values are substituted with process data, through the 
application of the IOH-LCIA method. The process values are therefore the values 
which are substituted in place of the I-O values in the I-O model. These process 
values represent the components of the I-O model which are modified. These two 
comparable figures are then plotted on an x-y graph to compare the I-O values, 
against the more reliable process values (Treloar, 1998; Crawford and Treloar, 
2003). 
3.4 Selection of evaluation methods 
Many of the above mentioned methods are appropriate for evaluating the results 
from the traditional LCIA methods, such as IO-LCIA or P-LCIA. However, a 
method is needed to evaluate a LCIA method combining both process and I-O data, 
in this case, IOH-LCIA. As has just been discussed, gap analysis and comparative 
analysis are considered appropriate for this evaluation of the IOH-LCIA method as 
they focus on the evaluation of final LCIA results, rather than initial data inputs, and 
minimise the errors and limitations associated with similar previous evaluations 
(Bullard, Penner and Pilati, 1978). 
These two evaluation methods have been demonstrated by Treloar (1998). However, 
they have only been applied to a single building case study. A more detailed 
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evaluation is required, using a range of buildings types, building products and 
materials, in order to provide a more comprehensive assessment of the use of I-O 
data and the IOH-LCIA method. Performing this evaluation is the main focus of this 
thesis. 
The evaluation methods that were used, in this study, for the evaluation of the 
IOH-LCIA method include: 
• gap analysis; and 
• comparative analysis. 
The use of two methods for evaluating the IOH-LCIA method was necessary due to 
there not currently being available a single method for evaluating both completeness 
and reliability of the hybrid LCIA methods. Whilst gap analysis is capable of 
assessing the difference between the P-LCIA or PH-LCIA and IOH-LCIA results, as 
a measure of the completeness of the P-LCIA or PH-LCIA results, comparative 
analysis was required in the initial evaluation of the reliability of the I-O data used in 
the IOH-LCIA. The combination of these two evaluation methods provided a more 
thorough initial evaluation of the appropriateness of using the IOH-LCIA method. 
3.5 Conducting an input-output-based hybrid LCIA 
The process involved in conducting an IOH-LCIA is outlined below in order to apply 
it to different products to produce results that can be used for the evaluation of the 
method itself. The steps involved in applying the IOH-LCIA method have been 
described by Treloar et al. (2000) (see Section 2.5.3.3). The application of this 
method for performing a LCEA or embodied energy analysis is described below. 
3.5.1 Input-output-based LCIA 
The initial step of the analysis was to perform a pure IO-LCIA in order to determine 
the direct and total energy intensities of the appropriate sector for the product being 
studied. In order to develop an energy-based I-O model of the economy, national I-O 
tables, produced by ABS on an irregular basis, were combined with national energy 
data from the Australian Bureau of Agricultural and Resource Economics (ABARE). 
A number of these models have been developed, with several for use in Australia 
(e.g. Treloar, 1997; Lenzen, 2000; Lenzen and Lundie, 2002), with the most recent 
and comprehensive of these developed by Lenzen and Lundie (2002). The I-O tables 
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are divided into the sectors of the Australian economy (for example, ‘household 
appliances’, ‘road transport’, ‘residential building’ (for a full list see Appendix D)). 
The breakdown and number of economic sectors differs from one country to the 
next. Each one of these economic sectors has a respective DEI and TEI, both 
quantified in GJ/$1000 of product. The DEI represents the amount of energy directly 
used in producing $1000 worth of products from that specific sector. The TEI is the 
total amount of energy used to produce $1000 worth of products from that specific 
sector. The TEI includes all of the direct and indirect inputs of energy from all 
sectors. It was therefore necessary to determine which of the economic sectors the 
product being studied belonged to in order to determine the TEI to be applied to that 
product. This was done by using a further breakdown of the individual sectors into 
commodity level details. The retail price of the product was obtained from the 
supplier of the product, or if this was unavailable, for example for buildings, an 
estimate was made based on specific sources of literature. The price of the product 
was then multiplied by the TEI of the appropriate sector ($ x GJ/$1000) and then 
divided by 1000, to correct for units, to give the embodied energy of the specific 
product, in gigajoules (GJ) (3.2). 
1000
$BP
nt TEIEE ×=                    (3.2) 
Where EEt is the total embodied energy through IO-LCIA; and 
 TEIn = the total energy intensity of I-O sector n; 
 $BP = the total price of the basic product. 
For example, a basic product, BP1, has an I-O DEI of 0.5 GJ/$1000 and a TEI of 
2 GJ/$1000 (this TEI being made up of the DEI plus all indirect energy), obtained 
from the appropriate sector of the I-O model. In this case the indirect energy equates 
to 1.5 GJ/$1000 (i.e. 2 – 0.5). The IO-LCIA embodied energy figure for the product, 
BP1, would be 2 GJ/$1000 of its retail price. Based on a price of $100,000 for BP1, 
this would equate to a total of 200 GJ. This is demonstrated in Figure 3.1 below, as 
an illustration of the graphical language introduced in Chapter 2. 
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Figure 3.1  Example of the application of input-output-based life cycle inventory 
analysis 
As has been noted earlier, the IO-LCIA method is not precise and is used to give an 
initial estimate only in order to determine the areas to focus further efforts and define 
the scope of the study. It can help to reduce or minimise costs and time by 
determining the inputs to a product that may not be significant. IO-LCIA results, 
combined with the results from a P-LCIA, can be used to estimate the gap between 
this method and traditional P-LCIA. 
3.5.2 Process-based LCIA 
A traditional P-LCIA involves collecting process data for the inputs that are easily 
obtainable, as this method lends itself to the quantification of direct inputs and only a 
limited number of indirect inputs. For products such as buildings, this may include 
those inputs that are quantified in a bill of quantities or by CAD software, such as 
basic materials (e.g. steel, timber, glass and concrete). In this study, the process data 
was obtained from a material energy intensity database, derived from a range of 
Australian public domain sources from the mid-1990s (Grant, 2000). 
For any particular product, a computer spreadsheet, containing two worksheets, was 
used to calculate its embodied energy. The first of these worksheets (Figure 3.2) lists 
the elements or components of the product in the first column. These elements are 
then broken down into items. The third column breaks these items down even further 
into the basic materials of manufacture. The measured material quantities of each 
product were entered into the fourth column of the worksheet, in their appropriate 
units. Density conversion factors for a number of common materials were used to 
BP1 …  
Process-based product quantity 
I-O-based direct energy input (GJ) 
…  
BP Basic product 
Sum of infinite upstream energy inputs 
50 
150 GJ 
TEI (200 GJ) 
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obtain the appropriate units for the basic materials (Ward-Harvey, 1997), as listed in 
Appendix L. 




















































Substructure stumps concrete 30MPa 0.16 1.05 0.168 m3 0.65
strip/pad footings concrete 30MPa 9.65 1.05 10.130 m3 39.20
reinforcement steel 0.78 1.05 0.824 t 78.80
 
Figure 3.2  Embodied energy calculation spreadsheet – worksheet one 
An allowance was made for on-site material wastage (column five), based on figures 
from Wainwright and Wood (1981), CSIRO (1994) and Fay (1999). These so called 
wastage multipliers were multiplied by the measured material quantities to determine 
the delivered material quantities. A list of the material wastage multipliers for the 
most common basic materials is shown in Table 3.1, with the full list of multipliers 
used given in Appendix B. 








Source: Appendix B 
Table 3.1  Material wastage multipliers 
Once the delivered material quantities into the main product were measured, they 
were multiplied by the process-based material energy intensities, which are listed in 
the second worksheet, to calculate the embodied energy figures of the individual 
material inputs (Figure 3.2 - column eight). Any direct inputs of energy into the main 
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product (direct energy into upstream material inputs are considered as indirect energy 
into the main product) were also quantified if available and if sought. 
These individual material embodied energy figures were then summed to obtain the 
embodied energy for the product using P-LCIA (3.3). 
BPMMt DERPEIWQEE +××=     (3.3) 
Where EEt is the total embodied energy through P-LCIA; and 
QM = the quantity of materials in the basic product; 
W = the wastage multiplier of the respective materials; 
PEIM = the material process energy intensity; 
DERBP = the direct energy requirement of the basic product. 
For example, a material M1, which has a direct energy requirement of 40 GJ, is used 
to make BP1 and requires an additional direct energy requirement of 30 GJ in the 
process. The total process-based embodied energy figure is therefore 70 GJ. This is 
demonstrated in Figure 3.3 below, as an illustration of the graphical language 
introduced in Chapter 2. Although this appears to be a simplistic case the calculation 
of direct energy requirements into material inputs and also the basic product can 
become quite complex. 
 
Figure 3.3  Example of the application of process-based life cycle inventory 
analysis 
Figure 3.3 indicates that a number of truncation errors occur with the use of P-LCIA. 
Whilst the direct energy inputs to the basic product and the main material inputs may 
or may not be accurate, many energy inputs further upstream and downstream of the 
Process-based product quantity 
Process-based direct energy input (GJ) 
M1 BP1 
Flow of goods and services 
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main materials as well as those of other materials at the same level are omitted. 
These omissions form part of the gap between P-LCIA and IO-LCIA figures. 
This P-LCIA figure has been used as the ‘total’ figure for the embodied energy of a 
particular product for many past and quite recent LCIA studies, and is often assumed 
to be substantially complete. In the case of an IOH-LCIA, this P-LCIA figure is used 
as an initial estimate for the following step of the analysis, PH-LCIA. It can also be 
used for comparison to the initial IO-LCIA figure to determine the gap between the 
two methods of LCIA. 
3.5.3 Process-based hybrid LCIA 
The delivered quantities of basic materials obtained through the P-LCIA were used 
as the basis for the PH-LCIA. This method of LCIA usually requires the use of a 
number of hybrid material energy intensity figures, combining both process and I-O 
data. The process of deriving these energy intensities is described below. These 
energy intensities were then multiplied by the respective product quantities to 
calculate the embodied energy of individual material inputs. 
In order to calculate the embodied energy for each of the material inputs to a 
particular product, a hybrid energy intensity figure was calculated for all of the most 
common basic materials, such as steel, timber, bricks and glass. These figures were 
expressed in GJ/unit (usually t, kg, m2 or m3) and represent a simple method of 
incorporating process data into the LCIA, giving the amount of embodied energy 
contained in, for example, a kilogram of that material. The process data component 
involves the use of the process data gathered in the P-LCIA method. The I-O data 
component was calculated using Equation 3.4, using 1996-97 I-O data and added to 




MnMM TEITEIPEIEI ×−+=          (3.4) 
Where EIM is the hybrid energy intensity of the basic material; and 
PEIM = the material process energy intensity; 
TEIn = the total energy intensity of I-O sector n; 
TEIM = the total energy intensity of the I-O path of the basic material; 
$M = the total price of the basic material. 
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The first worksheet used in the calculation of the P-LCIA embodied energy figures 
(Figure 3.2) was also used for the PH-LCIA. The second worksheet was replaced 
with the database of hybrid material energy intensities (Treloar and Crawford, 2003) 
(Table 3.2), which was then used to determine the embodied energy of each basic 
material, based on their individual quantities as per the P-LCIA method. A full list of 
the hybrid material energy intensities used for this study is given in Appendix C. The 
respective energy intensities were multiplied by the delivered quantities of basic 
materials of the product. The result of this is the material’s embodied energy. These 
individual material embodied energy figures were then summed to obtain an initial 
embodied energy for the product using PH-LCIA. 
Materials Unit EI (GJ/unit) 
Aluminium t 259 
Bitumen m3 5.6 
Brick m2 0.94 
Carpet m2 0.58 
Source: Appendix C 
Table 3.2  Hybrid material energy intensities 
The direct energy of the product was then calculated using I-O data where a process 
value was unavailable. The DEI figure (GJ/$1000) from the I-O model obtained in 
the initial IO-LCIA was multiplied by the price of the product, divided by 1000, to 
give the quantity of direct energy input to the product (GJ/product) (3.5). This figure 
was also used as the direct energy input for the final IOH-LCA results. 
1000
$BP
nMMt DEIEIWQEE ×+××=          (3.5) 
Where EEt is the total embodied energy through PH-LCIA; and 
QM  = the quantity of materials in the basic product; 
W
 
= the wastage multiplier of the respective materials; 
EIM = the material hybrid energy intensity; 
DEIn = the direct energy intensity of I-O sector n; 
$BP  = the total price of the basic product. 
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For example, for the same basic product, BP1, made of material, M1, the quantity of 
M1 is multiplied by the appropriate material wastage multiplier. The resultant figure 
is then multiplied by the appropriate hybrid material energy intensity (GJ/unit). The 
DEI from the initial IO-LCIA (Section 3.5.1), of 0.5 GJ/$1000, is then multiplied by 
the price of $100,000 for the basic product, BP1. This DEI is then added to give the 
process-based hybrid embodied energy figure for BP1. Assuming a TEI for M1 of 
55 GJ, leaving an unmodified proportion of the TEI of M1 represented by I-O data of 
15 GJ, the PH-LCIA embodied energy figure for the product, BP1, would be 105 GJ. 
This method is demonstrated in Figure 3.4 below. The figure of 15 GJ represents the 
gap between the PH-LCIA and the P-LCIA methods. 
          
Figure 3.4  Example of the application of process-based-hybrid life cycle 
inventory analysis 
The use of the I-O model, combined with the process data already obtained, can 
assist in determining whether it may be necessary to collect further process data. If 
the I-O model shows a significant value for any of the I-O paths for which process 
data has not been collected, then these I-O paths may need to be replaced with 
further process data to minimise the errors associated with the I-O data. The aim of 
this would be to maximise the reliability of the LCIA results through the use of more 
reliable process data. This may also be necessary if a large gap is found between I-O 
and process data inputs. 
For simple, energy intensive products, the inclusion of I-O data may have little 
impact on the final result as the gap may be relatively small. The process data will 
Process-based product quantity 
Process-based direct energy input 





I-O-based direct energy input (GJ) 
40 50 
Sum of infinite upstream energy inputs 
M 
Flow of goods and services 
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provide a fairly comprehensive representation of the product. However, for more 
complex products with less energy intensive assembly, such as buildings, the system 
boundary will be less complete due to the complexity of inputs, and the difficulty in 
obtaining process data for all of these inputs. The consequence of this will more than 
likely depend on each individual case. 
3.5.4 Improving system boundary completeness 
The systemic incompleteness associated with P-LCIA and PH-LCIA methods is 
overcome through the following stage of the IOH-LCIA. This final stage of the 
IOH-LCIA combines a number of steps. This stage was based on the data gathered in 
the P-LCIA, and used the figure from the PH-LCIA to increase the completeness of 
the LCIA results even further. The first of these steps was, as explained in 
Section 2.5.3.3, to extract the paths from the relevant sector of the economy from 
which the product belongs by using the algorithm developed by Treloar (1997). 
Secondly, from the paths extracted, the inputs that have been quantified in the 
P-LCIA were assigned to specific I-O paths (see Appendix G and I). For example, 
the corrugated steel roofing of a residential building would be assigned to the ‘sheet 
metal products’ into ‘residential building’ path. Once all of the process inputs were 
assigned to paths in the I-O model, the TEI of each of the paths for which a process 
input has been assigned was subtracted from the TEI of the sector (refer to 
Section 2.5.3.4). If a process value was available then the relevant path must be 
subtracted from the TEI of the sector to avoid double counting (Figure 3.5). 
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Figure 3.5  Assignment of process inputs to input-output paths 
The remainder of the paths (the TEI of the sector minus those paths subtracted, in 
GJ/$1000) were then multiplied by the price of the product ($) and divided by 1000 
(to correct the units) to give the additional embodied energy (gap between PH-LCIA 
and IOH-LCIA results) for the product, in GJ. The PH-LCIA embodied energy value 
(obtained in Section 3.5.3) was then added to this figure, minus the direct energy 
component (as this is included in the remainder of unmodified paths), to give the 




MnMMt TEITEIEIWQEE ×−+××=    (3.6) 
Where EEt is the total embodied energy through IOH-LCIA; and 
QM = the quantity of materials in the basic product; 
W = the wastage multiplier of the respective materials; 
EIM = the material hybrid energy intensity; 
TEIn = the total energy intensity of I-O sector n; 
TEIM = the total energy intensity of the I-O path of the basic material; 
$BP = the total price of the basic product. 
For example, for the same basic product, BP1, made of material, M1, the TEI of the 
assigned I-O path for M1 (assumed to be 75 GJ), is subtracted from the TEI of the 
RB   SMP 
...  
...  
I-O-based direct energy input 
…  Sum of infinite upstream energy inputs 
I-O-based product quantity 
Process-based direct energy input 
Process-based product quantity 
TEI of SMP path into RB 
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I-O sector, in this case 200 GJ (Figure 3.1). The remaining figure, or the gap 
(125 GJ), minus the DEI (50 GJ), is then added to the PH-LCIA figure. Therefore the 
IOH-LCIA embodied energy figure for the product, BP1, would be 180 GJ. This 
method is demonstrated in Figure 3.6 below. 
 
Figure 3.6  Example of the application of input-output-based hybrid life cycle 
inventory analysis 
In this case alone, it has been shown that the gap between the P-LCIA and 
IOH-LCIA results is a little over 60% (70 GJ compared to 180 GJ). Furthermore, the 
gap between the PH-LCIA and IOH-LCIA results is 42% (105 GJ compared to 
180 GJ). Although these gaps are to be expected they are quite significant figures, 
which show the need to improve the completeness of existing LCIA methods. 
3.6 Application of evaluation methods 
In order to test the use of the IOH-LCIA method, the gap and comparative analysis 
techniques were applied to results from a range of different case study materials and 
products and at different levels of detail. The process involved in applying these 
evaluation methods was described in Section 3.3.3 (gap analysis) and 3.3.4 
(comparative analysis). Due to the significant environmental concerns on the energy 
consumption of buildings and the author’s expertise in this area, the selection of case 
BP1 M1 …  
…  
Process-based product quantity 
Process-based direct energy input (GJ) 




      180 GJ 
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…  Sum of infinite upstream energy inputs 
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studies was focussed on those related directly to buildings and environmental 
systems. For this study it was required that the case studies selected all had a 
reasonable amount of process data available to enable a suitable comparison to the 
equivalent I-O values. The selection and description of these case studies is the 
subject of the following chapter. 
Figure 3.7 shows a summary of the processes involved in obtaining the I-O and 
process values in order for the IOH-LCIA method to be tested and evaluated using 
the selected evaluation methods. 
 
 
Figure 3.7  Schematic plan of research method 
Once the IOH-LCIA method (a) was applied to each case study (b) and the results of 
the LCIA determined (c), the evaluation methods were applied (d) in order to assess 
the suitability of the use of I-O data in LCIA and the reliability and completeness of 
the IOH-LCIA method. The results obtained from these evaluations (e) were then 
used to determine the advantages of using the IOH-LCIA over previous LCIA 
methods. 
3.7 Summary 
This chapter has assessed some of the current methods available for evaluating the 
various LCIA methods. The purpose of this was to select the most appropriate 
method for evaluating the IOH-LCIA method from those outlined in Chapter 2. It 
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simulation and truncation error analysis may be suitable and acceptable for 
evaluating IO-LCIA and P-LCIA methods, the combination of both of these 
traditional LCIA methods to form hybrid LCIA methods means that these evaluation 
methods are no longer appropriate. These traditional evaluation methods are not 
suitable for use in comparing equivalent values from two varying sources, such as 
process and I-O data. 
There were found to be two methods currently available, and which are suitable for 
evaluating the IOH-LCIA method. These two methods are gap analysis and 
comparative analysis. While no one single method was found to evaluate both the 
completeness and reliability of the IOH-LCIA method, this can be achieved through 
the combination of these two methods. Both gap analysis and comparative analysis 
provide a method of assessing the use of a combination of data types, namely process 
and I-O data. With the use of these two evaluation methods, the evaluation of LCIA 
results is possible, thus minimising many of the limitations of previous evaluation 
methods. 
This chapter has also outlined the steps involved in conducting the IOH-LCIA 
method so that results can be produced by applying this method to a number of case 
studies. The evaluation of these LCIA results provides a basis for the evaluation of 
the overall completeness and reliability of the IOH-LCIA method. 
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4. Case Studies 
4.1 Introduction 
Although there are a number of LCIA methods available, Chapter 3 has shown that 
the most promising of these methods is the IOH-LCIA method developed by Treloar 
(1998). It was also established that there has only been a very limited amount of 
testing of this IOH-LCIA method. Therefore the reliability and completeness of this 
method is unknown. 
To test the suitability of this IOH-LCIA method for use in calculating embodied 
energy figures for products and materials, comparisons between the results of this 
method and results from previous LCIA methods need to be made. To test the 
universality of the IOH-LCIA method, the method needs to be applied to a broad 
range of product types. 
The aim of this chapter is to describe the selected case studies used in the application 
of the IOH-LCIA method. The selection of appropriate case studies will enable a 
large range of process and I-O values to be produced, collected and compared 
through the comparative analysis evaluation method. 
This chapter outlines the general and specific details of the application of the 
IOH-LCIA method, as applied to each case study. A description of each of the eight 
case studies is provided, together with any general or case study specific assumptions 
that are made during the application of the IOH-LCIA method. 
The case studies all relate to the reduction of energy consumption either in the 
construction or operation of buildings. This reduction in energy consumption 
includes both passive design principles and products. These case studies have also 
been chosen to provide I-O and process values across a wide range of materials, 
components and elements for the purpose of comparison. It is only by testing the 
application of the IOH-LCIA method across such a wide range of products that 
conclusions can be drawn on the suitability of using this method for LCIA. 
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4.2 Description of Case Studies 
In order to test the validity of the IOH-LCIA method for wider application, a range 
of building types and building products were chosen as case studies. These case 
studies are of products and processes that have been designed to reduce energy 
consumption. As stated in Section 2.3.1, there are a number of factors that influence 
the consumption of energy in buildings and some of these have been addressed 
through the selection of the case studies. They include the refurbishment of buildings 
to reduce increases in embodied energy, renewable energy products such as solar hot 
water systems and photovoltaic modules, new building designs focussed on 
sustainability, energy efficiency and the reduction of natural resource consumption, 
and other products used in buildings such as a washing machine. The main selection 
criterion for these case studies was the availability of adequate documentation to 
allow the determination of material quantities and the calculation of an appropriate 
number and level of process-based quantities. 
The types of buildings and building related products chosen for this study have been 
selected to provide a reasonable number of data points for evaluation and comparison 
of the LCIA results. This selection will provide an indication of whether the 
IOH-LCIA being tested is applicable to a range of products. The selection of a range 
of different building types and products is essential as different types of buildings 
and products may produce different results because of the varying levels of system 
completeness in each case. 
A number of assumptions were made during the collection and derivation of case 
study product quantities as well as in the application of the LCIA methods. Some of 
these assumptions were general to a number of case studies. For example, the energy 
embodied in maintenance and decommissioning was ignored and the material 
thicknesses were assumed where exact measurements were unavailable or 
unobtainable. Other assumptions that were made were specific to particular case 
studies. All of these assumptions are listed in Appendix E. 
Although the generic process of applying the IOH-LCIA method to each of the case 
studies was detailed in Chapter 3, a more specific summary of this application has 
been provided below. Case specific details of the application of the IOH-LCIA 
method have also been provided with the description of each of the case studies. 
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The application of the LCIA method involved determining the quantities of materials 
used in the construction of each of the case studies. Information regarding 
components, materials, masses, areas and volumes was obtained from a range of 
sources including the manufacturers of the various products, bills of quantities and 
through assumptions. All information was in the public domain. The specific sources 
of information regarding material quantities for each case study are given in 
Table 4.1. 
Case study Source of material quantities 
1a Ecohouse Architectural plans, product manufacturers 
1b Refurbished Ecohouse Architectural plans (Ho, 2002a), specifications (Ho, 
2002b), product manufacturers, previous studies 
2 BiPV Product manufacturer (BP Solar, 2002) 
3 BiPV HRU Product manufacturer (BP Solar, 2002), Bazilian (2002) 
4 Toyota Head Office Bill of quantities (Jones, 2002) 
5 Darebin Velodrome Bill of quantities (Rawlinsons, 2002) 
6 Solar Hot Water System Product manufacturer (Solahart, 2002) 
7 Royal Domain Bill of quantities (Rider Hunt, 1992), Treloar (1996) 
8 Washing Machine Bruno (2002) 
Table 4.1  Source of case study material quantity data 
The embodied energy values of the materials and components were derived using the 
IOH-LCIA method (Section 3.5), using I-O data for Australia from the financial year 
1996-97. Various process-based embodied energy data for major materials, such as 
steel, were also integrated with the I-O data (Grant, 2000) to form the hybrid material 
energy intensities. The quantities of the materials used in the manufacture of each 
building element and component were multiplied by their respective energy 
intensities. The sum of these results gave the total PH-LCIA embodied energy value 
for each case study. Using the method described by Treloar, Love and Holt (2001), 
the gaps in this method were filled using I-O data for the appropriate sector of the 
Australian economy (full sector list in Appendix D). Those sectors used for each 
specific case study are shown in Table 4.2. 
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Case study I-O sector (sector number from Table D1) 
1a Ecohouse Residential building (75) 
1b Refurbished Ecohouse Residential building (75) 
2 BiPV Other electrical equipment (66) 
Residential building (75) 
3 BiPV HRU Sheet metal products (57) 
Other electrical equipment (66) 
Residential building (75) 
4 Toyota Head Office Other construction (76) 
5 Darebin Velodrome Other construction (76) 
6 Solar Hot Water System Household appliances (65) 
7 Royal Domain Other construction (76) 
8 Washing Machine Household appliances (65) 
Table 4.2  Input-output sector used to assign process inputs in input-output-
based hybrid life cycle inventory analysis for each case study 
A figure for the direct energy inputs for each case study was calculated using the DEI 
(GJ/$1000) of the sectors listed in Table 4.2 from the 1996-97 I-O tables, together 
with the actual (as listed under each case study description) or assumed (as listed in 
Appendix E) costs of each building or building product. The embodied energy results 
have then been expressed in terms of GJ/m2 of gross floor area (GFA) for the 
building case studies, to enable a standardised comparison between buildings, and 
GJ/product for the building product case studies. 
4.2.1 Case Study 1 - Ecohouse 
The Ecohouse, built in the 1960s, is a single storey detached brick veneer house 
owned by Port Phillip Council and leased by a local environmental organisation. The 
house is located on the corner of the St.Kilda Botanical Gardens in Melbourne, 
Australia (see Appendix F for site plan). The house was refurbished to provide an 
example of a sustainable building and will be used as an educational tool as well as a 
meeting place for various environmental organisations. The aim of the Ecohouse was 
to provide practical examples of ways that householders can improve the energy 
efficiency of their buildings, and to promote renewable and non-polluting 
technologies. The refurbishment included the installation of a number of energy 
saving devices, including photovoltaics, a solar hot water system and energy efficient 
appliances. 
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Both the existing building (Figure 4.1) and the refurbished building have been 
analysed for the current study. The existing building represents typical construction 
technologies from the 1960s, with many still being used today. The refurbished 
building incorporates much more complex products and production processes. The 
use of a non-standard building for the purposes of this study can assist in justifying 
the use of I-O data for LCIA. The use of the IOH-LCIA method would be limited if 
it was only applicable to standard buildings and products (Treloar, Love and Holt, 
2001), as it may be unsuitable for more complex products. 
 
Source: Anonymous, 2001 
Figure 4.1  North-east elevation of existing building used in Case Study 1a 
Case Study 1a - Existing building 
The area of the existing building is 109 m2, including a single car carport, with its 
long axis running north-south (Figure 4.2 - floor plan). The structure of the building 
is constructed of a timber sub-floor on concrete stumps and the external walls are of 
brick veneer construction. The structural framing is of traditional timber construction 
clad with plasterboard internally. Wall finishes include ceramic tiles in all wet areas 
and paint to all plasterboard. The roof is timber framed, and clad with concrete roof 
tiles. The ceiling is insulted with R2.5 fibreglass batts, and the walls and roof have 
reflective foil, but there is no floor insulation. The windows are single glazed and 
timber framed. The floor coverings in the kitchen, bathrooms and laundry are 
linoleum, and the rest of the house is carpeted. The appliances are typical for 
residential houses of this era, including a stove/oven, refrigerator, storage hot water 
system, gas central heating unit and an air conditioner. Timber built-in cupboards 
and wardrobes were installed in bedrooms and living areas. A number of external 
structures accompany the house, including a timber deck to the east of the house, a 
concrete porch and timber pergola to the west, a concrete driveway and paths as well 
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as brick and timber fences. Data for this case study was obtained from architectural 
plans and product manufacturers. 
 
Source: Barker, 2002 
Figure 4.2  Plan of existing building used in Case Study 1a 
Case Study 1b - Refurbished building 
The existing Ecohouse building was refurbished to provide an educational tool for 
the general public with the aim to improve the energy efficiency of the existing 
building stock. The refurbished building includes a number of energy saving devices 
and structural alterations, increasing the floor area to 136 m2 (Figure 4.3 - floor plan). 
Most of the internal timber and plasterboard walls were replaced with an 
environmentally friendly wall system based on wheat, rice straw and recycled paper. 
The walls were finished with two coats of a non-toxic paint. Wet areas were finished 
with either ceramic tiles or marmoleum. All of the existing windows were reused 
with an additional piece of glass attached to convert them to double-glazed units. The 
main structural addition to the existing Ecohouse building was the extension of the 
internal area into the existing carport. This extension created two meeting rooms (M1 
N 
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and M2 - Figure 4.3), constructed with a timber floor on concrete stumps, recycled 
bricks, timber cladding and double-glazed windows. Data for this case study was 
obtained from Ho (2002a, 2002b). The total cost of this refurbishment was $1852/m2 
(Barker, 2003), which was used in the calculation of IO-LCIA and IOH-LCIA 
figures. A number of other alterations and additions were also made: 
• the carpet was removed and the existing timber floors were sanded and polished; 
• the gutters and downpipes were replaced and the existing toilets, basins, stove, 
electrical cabling, plumbing and switchboard were relocated; 
• the floors of the two north facing rooms (Resource (R) and Demonstration (D) 
Rooms) were covered in a 50 mm concrete screed on a plastic membrane; 
• R2.5 fibreglass batt insulation was added to the underside of the entire floor; 
• the existing gas hot water system was replaced with a gas-boosted Solahart 151J 
Thermosiphon solar hot water system; 
• two solar tubes were installed above the new Bathroom (B) and Entry (E); 
• 18 Solarex BP SX 80 multi-crystalline photovoltaic modules were installed 
above the north façade of the house; 
• the refrigerator was replaced by a newer model; 
• a timber Deck (D1) was built along the extent of the east façade, from the south 
façade and along the path to the gardens; 
• two concrete water storage tanks were installed (partially underground) on the 
north side of the house and surrounded by a timber paling fence; 
• a new recycled timber pergola was built along the extent of the west façade of the 
house; 
• a timber external storage cabinet was constructed on the south façade; 
• new cabinets were installed in various rooms of the house (e.g. Kitchen (K) and 
Office (OF)); 
• the north façade was completely removed and replaced with recycled steel 
framed double-glazed windows; 
• new brick and timber paling fences made from recycled materials were erected; 
• a water treatment system was installed underground at a cost of $5700 
(Environment Equipment, 2003); and 
• stone steps and a gravel pathway were constructed. 
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Source: Ho, 2002a 
Figure 4.3  Plan of refurbished building used in Case Study 1b 
The LCIA of the existing building (1a) and the refurbishment (1b) required the 
calculation of the initial embodied energy of the existing building as well as that of 
materials, components and equipment added by the refurbishment. For the existing 
building, the process-based system boundary included all items within the site 
boundary, including the substructure, floors, roof, windows, doors, finishes, fitments, 
sanitary fixtures, appliances, plumbing, electrical and some external items, such as 
paving, fences, decking and patios, but not landscaping. The system boundary used 
for the refurbished Ecohouse included all of the additions to the existing building 
such as windows, doors, substructure, floors, roof, finishes, fitments, appliances, 
N 
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plumbing, electrical, external items and other items such as solar tubes, flyscreens, 
the solar hot water system and the photovoltaic modules. 
The embodied energy figures of some of the energy systems that have been added to 
the existing building as part of the refurbishment were taken from previous studies, 
which used the same IOH-LCIA method as in this study. These included the solar hot 
water system (Crawford et al., 2003a) and the photovoltaic modules (Crawford, 
Treloar and Bazilian, 2002). 
4.2.2 Case Study 2 - Building integrated photovoltaics (BiPVs) 
BiPV systems are commonly used in buildings to generate electricity through the 
conversion of solar energy. Photovoltaics have been used for several decades in a 
wide variety of applications. It is only more recently that they have been integrated 
into building facades and roofs. This case study is of a building integrated 
photovoltaic system (BiPVs). The system that was used for this study consists of two 
mono-crystalline silicon (c:Si) 75 watt photovoltaic modules in aluminium frames 
with a total area of 1.26 m2 (Figure 4.4). Each module contains 36 individual silicon 
cells laminated between sheets of ethylene vinyl acetate (EVA) and high-
transmissivity low-iron 3 mm tempered glass. The total weight of each module is 
7.7 kg. The modules were supported by and fixed to a number of timber rafters, as 
part of a typical residential roofing system. One of the advantages of building 
integrated photovoltaics is the embodied energy credit from the displacement of 
conventional roofing materials, which has been accounted for in this study. As the 
photovoltaic modules are also used as roof cladding, this reduces the amount of 
conventional roofing materials required, and thus embodied energy for these 
materials. Data for this case study was obtained from BP Solar (2002). The total cost 
of the photovoltaic modules was $1710 (Going Solar, 2003), which was used in the 
calculation of IO-LCIA and IOH-LCIA figures. 
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Source: BP Solar, 2002 
Figure 4.4  Photovoltaic module used in Case Study 2 
Due to the complexities involved in calculating the embodied energy of the actual 
modules, the existing comprehensive process-based figures presented by Alsema 
(1998a, 1998b), Alsema and Nieuwlaar (2000) and Alsema, Frankl and Kato (1998) 
for the embodied energy of the PV modules were used as the basis of this study. The 
embodied energy values of the remaining materials and components (e.g. module 
framing and displaced roofing materials) were determined as outlined in Chapter 3. 
The system boundary considered in the process-based quantification of main material 
inputs included the PV cells, frame and roof materials. The direct energy consumed 
through the silicon purification and module manufacturing stages was also included. 
4.2.3 Case Study 3 - Building integrated photovoltaics with heat recovery unit 
This case study was based on the BiPV system of Case Study 2, together with a heat 
recovery unit (HRU), to take advantage of the thermal energy produced, and 
normally wasted, by the photovoltaic modules. This thermal energy can then be used 
to provide heat to the building. The goal of this case study was to provide a range of 
embodied energy figures, based on a building product designed for building energy 
efficiency. The system includes the components described in Case Study 2, together 
with the materials of the HRU (Bazilian, 2002). This HRU consists of a 20 mm thick 
sheet of plywood, painted black attached to the underside of the supporting rafters in 
order to create a duct behind the modules, and covers an area of 1.92 m2. The 
plywood duct of the HRU was insulated with 50 mm of polyisostyrene. Metal 
ducting was attached at each end of this, and at the lower end a 6 W axial fan was 
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used to force the movement of air through the ducting (Figure 4.5). Data for this case 
study was obtained from Bazilian (2002) and BP Solar (2002). 
 
Figure 4.5  BiPV heat recovery system used in Case Study 3 
As for the previous study, this case study was based on the figures presented by 
Alsema (1998a, 1998b), Alsema and Nieuwlaar (2000), and Alsema, Frankl and Kato 
(1998). The embodied energy values of the materials and components of the HRU 
(e.g. fan, ducting, plywood and insulation) were determined as outlined in Chapter 3. 
The system boundary considered for the collection of process data for this case study 
was identical to that used for Case Study 2, with the additional items of the HRU also 
included. 
4.2.4 Case Study 4 - Toyota Head Office 
This case study is based on the proposed Toyota Head Office Project (Figure 4.6). 
The building is to be constructed in the city of Melbourne, Australia and consists of a 
three-storey building with a GFA of 11,588 m2. The building includes two levels of 
office space, a glazed atrium, an auditorium, canteen and enclosed car parking. 
This case study was used to provide a large number and range of embodied energy 
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principles, and other building products, materials and components for use in testing 
the IOH-LCIA method. Data for this case study was obtained from Jones (2002). 
The proposed three storey commercial office building consists of: 
• a 200 mm thick reinforced concrete slab substructure; 
• painted steel columns; 
• steel roof frame and decking; 
• aluminium framed toughened glass glazed roof; 
• reinforced concrete staircases with painted steel frame and handrails; 
• painted pre-cast concrete and aluminium cladding panels for external walls; 
• frameless toughened glass solar double glazed windows; 
• aluminium framed toughened glass curtain walls, louvers, screens and windows; 
• aluminium, toughened glass, timber and fire doors; 
• internal walls of single skin brickwork, 10 mm plasterboard clad steel and 
200 mm thick Hebel blocks; 
• 18 mm particleboard wall panelling; 
• ceramic tiles to wet areas; 
• floor finishes of 50 mm insitu terrazzo, carpet tiles, marble, 2 mm vinyl and 
ceramic tiles; 
• gym floor made of steel, 18 mm particleboard and carpet; 
• aluminium skirting; and 
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Figure 4.6  View of Toyota Head Office used in Case Study 4 
The system boundary considered for the collection of process data for this case study 
included those items which were part of the bill of quantities used for the analysis 
(Jones, 2002). The main building elements which formed part of this bill included the 
building substructure, columns, floors, staircases, roof, walls, windows, doors, 
screens and finishes. Items such as fitments, sanitary fixtures, appliances, plumbing, 
electrical and external items were not included, due to the difficulty associated with 
obtaining this data (Treloar, 1996). The exclusion of these items should have little 
impact on the results of the analysis as these items are generally considered to be 
small in relation to the total embodied energy of this type of building (Treloar, 1996). 
The high level of detail used in the quantification of those items which have been 
included within this system boundary is considered sufficient for the use of this case 
study to test the IOH-LCIA method. 
4.2.5 Case Study 5 - Darebin Commonwealth Games Velodrome 
This case study is the Velodrome for the 2006 Melbourne Commonwealth Games, 
which is to be used for cycling and indoor lawn bowls (Figure 4.7). The building is 
to be constructed in the city of Melbourne, Australia, and consists of two-storeys, 
with a GFA of 8947 m2, which also includes change rooms, function rooms and 
spectator seating. The goal of this case study was to provide a particular focus 
towards recreational type buildings, products, materials and components. Data for 
this case study was obtained from Rawlinsons (2002). 
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The construction of the building incorporates: 
• bored concrete pier footings; 
• concrete slab substructure; 
• concrete retaining and external walls; 
• concrete and steel columns; 
• steel floor beams; 
• steel roof trusses and framing; 
• steel roof decking; 
• reinforced concrete staircases with steel handrails; 
• concrete blockwork and steel sheeting external walls; 
• internal walls of 13 mm plasterboard clad steel framing, insulated with R2.5 
fibreglass batts; 
• internal aluminium framed glazed screens; 
• aluminium framed windows; 
• aluminium and steel framed glazed and timber doors; 
• ceramic tiles to wet areas; 
• floor finishes of concrete screed, 2 mm vinyl, carpet and ceramic tiles; 
• MDF and aluminium skirting; 
• ceiling finishes of painted fibre cement sheet; and 
• fixtures, plumbing, fitments and other additional items. 
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Source: McKerrell Lynch Design, 2002 
Figure 4.7  Views of Darebin Velodrome used in Case Study 5 
In the collection of process data for this case study, the system boundary has been 
limited to the elements as detailed in the construction documents, particularly the bill 
of quantities (Rawlinsons, 2002). These elements include the building substructure, 
columns, floors, staircases, roof, walls, windows, doors, screens, finishes, sanitary 
fixtures, plumbing, electrical, fitments, fences, paving and spectator seating. Other 
elements such as landscaping, which have not been included, are considered to make 
up only a small proportion of the total energy inputs to this case study. The materials 
that were able to be quantified are considered to provide a sufficient amount of 
process data to enable this case study to be used to test the IOH-LCIA method. 
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4.2.6 Case Study 6 - Solar Hot Water System 
This case study is of an electric-boosted solar hot water system, manufactured by 
Solahart Industries. The solar hot water system used for the analysis was the 302J 
Closed Circuit System, comprising of a storage capacity of 300 L and a collector area 
of 3.96 m2 (Figure 4.8). The storage tank consists of a steel container with steel end 
domes, vitreous enamel lining, magnesium anode, polyurethane foam insulation, 
steel jacket, aluminium outer casing and polypropylene casing ends. The collectors 
consist of a steel absorber plate with a black polyester powder coat finish, 
surrounded by polyester insulation and cased in an aluminium casing with tempered 
glass top surface and aluminium glazing angles. The total retail cost of the solar hot 
water system was $2986 (Going Solar, 2003), which was used in the calculation of 
IO-LCIA and IOH-LCIA figures. Data for this case study was obtained from 
Solahart (2002). 
 
Source: Solahart, 2002 
Figure 4.8  Solahart 302J closed circuit Solar Hot Water System used in Case 
Study 6 
In the collection of process data for this case study, the system boundary was drawn 
at the level of detail supplied by the manufacturer of the system (Solahart, 2002). 
The elements represented in this information included the collector glazing angles, 
casing, glass, absorber plate and insulation as well as the outer casing, insulation, 
jacket, container, lining, casing ends and anode of the storage tank. Any other items 
not collected through the consideration of this process-based system boundary were 
considered not to be large enough to have a significant impact on the results, and 
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would also be accounted for by I-O data. It is considered that this provides a 
sufficient amount of process data to enable this case study to be used to test the 
IOH-LCIA method. 
4.2.7 Case Study 7 - Royal Domain Office Building 
This case study is a commercial office building located in Melbourne, Australia. The 
GFA of the building is 47,000 m2 with 8 and 15 storeys in the front and rear halves 
respectively (Figure 4.9). The goal of this case study was to provide a particular 
focus towards multi-storey commercial buildings, products, materials and 
components. Data for this case study was obtained from Rider Hunt (1992) and 
Treloar (1996). 
The building construction type is typical of buildings constructed in Melbourne in 
the 1980s. It consists of: 
• reinforced concrete structure (ground slabs, floors and columns); 
• precast concrete external walls; 
• aluminium framed curtain walling; 
• glazed and granite veneer panel cladding; 
• insulated steel decked roof; 
• plasterboard clad steel framed internal walls; 
• concrete internal walls; 
• plasterboard clad and glazed screens; 
• steel and aluminium framed glazed and timber doors; 
• floor finishes of concrete screed, ceramic tiles, carpet, granite and vinyl; 
• wall and ceiling finishes of ceramic tiles, timber, granite and paint; and 
• building services (lifts, electrical, air conditioning, fire, plumbing). 
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Source: Treloar, 1996 
Figure 4.9  South-east view of Royal Domain Office Building used in Case Study 7 
The Royal Domain Office Building was previously used in an embodied energy 
analysis by Treloar (1996). The aim of this previous study was to quantify the 
indirect energy inputs for the construction of the building. Treloar (1996) based the 
study on process data gathered from the bill of quantities for the building (Rider 
Hunt, 1992). Due to the comprehensiveness of the collection of process data, the 
breakdown of included elements and materials presented in the study of this building 
by Treloar (1996) was used as the basis for the analysis of the building for the 
current study. 
The system boundary considered by Treloar (1996), and thus the current study, 
included the substructure, columns, floors, staircases, roof, walls, doors, windows, 
screens, finishes, fitments, plumbing, paved areas, landscaping, preliminaries, and 
services (including fire protection, air conditioning, lifts and electrical). These items 
represent those which are typically included within the site boundary (Treloar, 1996). 
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4.2.8 Case Study 8 - Washing Machine 
The washing machine used in this study consists of a large number of parts, 
including: metal panels and frame, switches, control units, hoses, fixings, pump, 
motors, pulleys and packaging. These parts are made from a number of main 
materials including: steel, plastic, aluminium, copper and cardboard. The total cost of 
the washing machine was $1050 (Retravision, 2003), which was used in the 
calculation of IO-LCIA and IOH-LCIA figures. Data for this case study was obtained 
from Bruno (2002). A representation of the type of washing machine used for this 
case study is shown in Figure 4.10.  
 
Source: Fisher and Paykel, 2003 
Figure 4.10  Washing Machine used in Case Study 8 
The system boundary considered for the collection of process data for this case study 
was limited to the information provided by the source of the data (Bruno, 2002). This 
system boundary was limited to the physical individual parts and materials of the 
washing machine as purchased, including: packaging, fixings, washers, switches, 
panels, valves, timer, control unit, frame, hoses, bowl, pump, pulleys, gears, oil, seals 
and motors. 
Chapter 4: Case Studies                                Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 93 
4.3 Summary 
This chapter has described the selected case studies that were used in the application 
of the IOH-LCIA and other LCIA methods described in Chapter 3. The range of 
different building types and products selected is to ensure that a range of I-O and 
process values are produced across a wide range of materials, components and 
elements. The reliability and completeness of the IOH-LCIA method are able to be 
tested with a greater level of sophistication with a larger range of case studies 
selected. This evaluation should provide an indication of whether the IOH-LCIA 
method is applicable to a wide variety of building and product types within the 
Australian construction industry. 
The details of the application of the IOH-LCIA method have also been described, 
both generally and as applied to each case study. The assumptions that were made in 
the application of the methods used have also been outlined. This chapter has 
described these assumptions in a general sense as well as distinguishing those 
assumptions that are specific to particular case studies. 
The results of this study (presented in Chapter 5) may indicate whether the embodied 
energy of certain building types and products can be assessed satisfactorily with the 
IOH-LCIA method. 
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5. Results 
5.1 Introduction 
The methods described in Chapter 3 have been used to produce a range of IO-LCIA, 
P-LCIA, PH-LCIA and IOH-LCIA results through their application to the case 
studies described in Chapter 4. By maximising the number of different building types 
and building products that these methods have been applied to, a broad range of 
results are possible. This is necessary to ensure a sufficient evaluation of the LCIA 
methods. 
The purpose of this chapter is to present the results of the study undertaken and to 
determine if these results satisfy the aim of the study. The results of this evaluation 
are presented in a way that allows for conclusions to be drawn on the use of the 
IOH-LCIA and I-O data in general, particularly across a selection of the building 
types and products available. 
The results presented in this chapter assist in determining the extent to which I-O 
data can be used for LCIA and also, through the evaluation of the reliability and 
system boundary completeness, the applicability of using the newly developed 
IOH-LCIA method. 
The total embodied energy figures of the case studies have been presented and 
compared in this chapter. The embodied energy of individual materials have been 
compared to ascertain which materials are most and least significant with regards to 
the total embodied energy of buildings and building products. The evaluation of 
these embodied energy results has been performed using the methods described in 
Chapter 3. 
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5.2 Input-output-based life cycle inventory analysis 
Table 5.1 provides the results of the IO-LCIA of each of the case studies, using the 
method described in Section 3.5.1. The top 100 paths of the appropriate sectors from 
which the DEIs and TEIs were obtained to calculate the IO-LCIA embodied energy 
for each case study are given in Appendix G. 
Case study Embodied energy  
1a Ecohouse 576 (5.3 GJ/m2) 
1b Refurbished Ecohouse 2220 (16.3 GJ/m2) 
2 BiPV 27 
3 BiPV HRU 38 
4 Toyota Head Office 119,080 (10.3 GJ/m2) 
5 Darebin Velodrome 80,907 (9.0 GJ/m2) 
6 Solar Hot Water System 51 
7 Royal Domain 618,207 (13.2 GJ/m2) 
8 Washing Machine 18 
Table 5.1  Input-output-based life cycle inventory analysis embodied energy 
case study results (GJ) 
A large range of embodied energy figures is evident, from 18 to 51 GJ for products 
and 5.3 GJ/m2 for a residential building to over 13.2 GJ/m2 for a commercial 
building. This range of results is to be expected, particularly for buildings, due to the 
variations in building size and construction methods and materials. Due to the large 
range of results that have been produced from the case studies, a more sophisticated 
form of comparison is necessary to avoid distorting the results. 
Chapter 5: Results                                         Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 96 
5.3 Process-based life cycle inventory analysis 
Table 5.2 provides the results of the P-LCIA of each case study using the method 
described in Section 3.5.2. 
Case study Embodied energy 
1a Ecohouse 676 (6.2 GJ/m2) 
1b Refurbished Ecohouse 415 (3.1 GJ/m2) 
2 BiPV 7.9 
3 BiPV HRU 10 
4 Toyota Head Office 120,970 (10.4 GJ/m2) 
5 Darebin Velodrome 90,670 (10.1 GJ/m2) 
6 Solar Hot Water System 18 
7 Royal Domain 568,790 (12.1 GJ/m2) 
8 Washing Machine 3 
Table 5.2  Process-based life cycle inventory analysis embodied energy case 
study results (GJ) 
Table 5.2 shows that the P-LCIA embodied energy results vary greatly in some cases 
and in other cases are fairly similar to the values calculated through the IO-LCIA 
(Table 5.1). For example, the P-LCIA value of the refurbished Ecohouse is 
3.1 GJ/m2, compared to the IO-LCIA value of 16.3 GJ/m2. These findings may be 
due to the complexity and high energy intensity of sectors used for the analysis of 
this case study, based on the products and materials that are used in the refurbished 
Ecohouse, for example the PVs. This is also the case for the two BiPV case studies 
with P-LCIA results of 7.9 and 10 GJ and IO-LCIA results of 27 and 38 GJ 
respectively. On the other hand, the Toyota Head Office P-LCIA value of 10.4 GJ/m2 
is similar to the IO-LCIA analysis value of 10.3 GJ/m2 (Table 5.1). 
For each case study, a summary of the proportion of main material quantities is 
shown (Table 5.3), with the full list of measured quantities given in Appendix H. The 
quantities of these main materials are given as a percentage of the total embodied 
energy of each case study. The breakdown of material inputs into each building or 
building product case study is summarised in Table 5.3 for the six main material 
inputs, namely steel, concrete, ceramics, timber, plastic and other metals. 
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Case study Steel Concrete Ceramic Timber Plastic Other 
metals 
1a Ecohouse 44% 12% 22% 5% 2% 7% 
1b Refurbished Ecohouse 55% 10% - 3% 3% 2% 
2 BiPV - - - - 1% 11% 
3 BiPV HRU 17% - - 1% 1% 10% 
4 Toyota Head Office 65% 9% 1% 2% 1% 9% 
5 Darebin Velodrome 79% 15% - 1% 2% 2% 
6 Solar Hot Water System 52% - - - 1% 39% 
7 Royal Domain 70% 19% - 1% 1% 5% 
8 Washing Machine 58% - - 1% 23% 18% 
Table 5.3  Summary of measured material quantities for each case study, as a 
percentage of total process-based embodied energy 
Although many buildings and building products are made up of a standard range of 
construction materials, the quantity of the various material inputs differs from case to 
case, particularly between buildings and building products. Table 5.3 shows that for 
all cases studied, steel makes up the largest proportion of the total embodied energy 
for both buildings and building products (with the exception of the BiPV case study, 
where there was no steel inputs). From Table 5.3 it is shown that concrete typically 
makes up between 9 and 15% of embodied energy for buildings, while timber and 
plastic contribute in only a small way to the total embodied energy for buildings. 
This summary of the quantity of material inputs for each case study demonstrates the 
variation between case studies and shows that these case studies are sufficiently 
different to enable a useful evaluation of the LCIA methods. 
5.4 Process-based hybrid life cycle inventory analysis 
Table 5.4 provides the results of the PH-LCIA of each of the case studies, using the 
method described in Section 3.5.3. These results are based on the material quantities 
used for the P-LCIA. The PH-LCIA results were calculated using the worksheet 
described in Section 3.5.2 with the complete worksheets given in Appendix H. For 
each case study, the percentage of the total embodied energy figure represented by 
I-O data is also shown. This I-O component represents the additional embodied 
energy added to the P-LCIA results to improve the completeness of the P-LCIA 
method. This additional embodied energy shows the level of truncation associated 
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with P-LCIA when compared to the more comprehensive PH-LCIA method, and the 
need to use I-O data for LCIA. 
Case study Embodied energy Input-output % 
1a Ecohouse 1354 (12.4 GJ/m2) 51 
1b Refurbished Ecohouse 1029 (7.6 GJ/m2) 60 
2 BiPV 8.5 7 
3 BiPV HRU 16 34 
4 Toyota Head Office 210,320 (18.1 GJ/m2) 42 
5 Darebin Velodrome 145,360 (16.2 GJ/m2) 38 
6 Solar Hot Water System 27 35 
7 Royal Domain 967,993 (20.6 GJ/m2) 41 
8 Washing Machine 6.6 54 
Table 5.4  Process-based hybrid life cycle inventory analysis embodied energy 
case study results (GJ) 
The PH-LCIA embodied energy figures show the result of one method of combining 
process data and I-O data. The impact of this on the P-LCIA results is the percentage 
of embodied energy added through I-O data. The percentage of the total PH-LCIA 
figures made up of I-O data for each case study show that as little as 7% or as much 
as 60% of the total values are made up of I-O data, with an average of 40%. 
In comparison to the IO-LCIA figures from Table 5.1, the PH-LCIA figures for all 
four building product case studies are significantly lower (up to 68%). These findings 
show that while PH-LCIA may improve the comprehensiveness of the P-LCIA 
method, a level of truncation still occurs as this method is based on the initial process 
data. With the exception of the refurbished Ecohouse case study, however, all of the 
building case study PH-LCIA values are significantly higher than the respective 
IO-LCIA values. As expected, all of the PH-LCIA values are higher than the P-LCIA 
values due to the inclusion of I-O data. 
5.5 Input-output-based hybrid life cycle inventory analysis 
The additional values added to the PH-LCIA figures to determine the IOH-LCIA 
embodied energy results were calculated based on the TEI values of the appropriate 
I-O sector paths given in Appendix G and the method described in Section 3.5.4. 
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Tables G1 to G11 (Appendix G) list the I-O model paths that were deducted from the 
appropriate sector of the I-O model and replaced with process data, together with the 
respective direct and total energy intensity values of those paths for each case study. 
A list of the materials and elements for which process quantities were collected, 
which are included in each of these respective paths, is given in Appendix I. 
Table 5.5 and 5.6 give an example of the range of modified paths for the Darebin 
Velodrome and Washing Machine case studies. These show that the majority of the 
I-O paths replaced with process data fall within the top 100 paths of the respective 
sector. However, there still remains many paths within the top 100 that no process 
data is available for replacing. The value of these paths may or may not be 
significant in the TEI of each sector. 
Darebin Velodrome 
Path No. Path name (stage 1) TEI value (GJ/$1000) 
2 Iron and steel 0.9234 
3 Cement, lime and concrete slurry 0.8679 
5 Other non-metallic mineral products 0.2335 
11 Other mining 0.1520 
12 Ceramic products 0.0859 
13 Glass and glass products 0.1167 
23 Fabricated metal products 0.4119 
29 Basic non-ferrous metal and products 0.0471 
30 Plaster and other concrete products 0.1939 
35 Structural metal products 0.5622 
54 Other wood products 0.0796 
87 Textile products 0.0158 
93 Sawmill products 0.0293 
142 Plastic products 0.0769 
147 Sheet metal products 0.0535 
205 Paints 0.0787 
247 Household appliances 0.0721 
Table 5.5  Modified paths from ‘other construction’ sector for the Darebin 
Velodrome case study 
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Washing Machine 
Path 
No. Path name (stage 1) Path name (stage 2) 
TEI value 
(GJ/$1000) 
1 Iron and steel  6.4265 
3 Other electrical equipment Basic non-ferrous metal and products 0.7730 
6 Basic non-ferrous metal and products  0.5880 
13 Sheet metal products Iron and steel 0.2323 
16 Other electrical equipment Iron and steel 0.1999 
20 Sheet metal products Basic non-ferrous metal and products 0.1486 
30 Fabricated metal products Iron and steel 0.0795 
35 Paper containers and products Pulp, paper and paperboard 0.0587 
36 Other non-metallic mineral products  0.0464 
68 Fabricated metal products Basic non-ferrous metal and products 0.0348 
75 Plastic products  0.3880 
97 Printing and services to printing Pulp, paper and paperboard 0.0175 
128 Electronic equipment Iron and steel 0.0111 
130 Electronic equipment Basic non-ferrous metal and products 0.0117 
279 Rubber products  0.0686 
332 Other electrical equipment Plastic products 0.0446 
808 Electronic equipment Plastic products 0.0097 
Table 5.6  Modified paths from ‘household appliances’ sector for the Washing 
Machine case study 
The total number of paths from the I-O model for each of the sectors used for the 
IOH-LCIA, within the 0.0001 GJ/$1000 threshold, ranged from 5117 to 7721 
(Table 5.7). Whilst the majority of the I-O paths replaced with process data were 
within the top 100 paths of the respective sectors, there were several paths beyond 
the top 100 that represented paths for which process data was available. These were 
usually for the more complex products and materials, such as those associated with 
electrical equipment. 
Treloar (1998) performed an analysis of the complexity of the 1992-93 I-O model by 
determining the number of direct energy paths needed to describe 90% of the TEI of 
each economic sector (Appendix M). The larger the number of paths required, the 
more complex the sector. Treloar (1998) showed that 592 paths were required to 
describe 90% of the ‘residential building’ sector. An analysis of the 1996-97 I-O 
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model used in this study shows that approximately 76,000 paths are required to 
describe 90% of the ‘residential building’ sector. This finding shows the increased 
complexity of the newer I-O model and may indicate an increased reliability in the 
I-O data. 
Sector Total number of paths 
Residential building 5570 
Other construction 5117 
Household appliances 7721 
Other electrical equipment 6637 
Sheet metal products 5868 
Table 5.7  Total number of sector paths for sectors used in input-output-based 
hybrid life cycle inventory analysis 
Table 5.8 shows the results of the IOH-LCIA of each of the case studies, using the 
method described in Section 3.5.4. These results are based on the PH-LCIA values 
given in Section 5.4. The IOH-LCIA results were calculated based on the worksheets 
used for the PH-LCIA (Appendix H), together with the sum of the unmodified I-O 
paths for each case study given in Tables G1 to G11 (Appendix G). For each case 
study, the percentage of the total embodied energy figure represented by I-O data is 
also given. 
Case Study Embodied energy Input-output % 
1a Ecohouse 1466 (13.5 GJ/m2) 54 
1b Refurbished Ecohouse 1460 (10.8 GJ/m2) 72 
2 BiPV 25 69 
3 BiPV HRU 37 72 
4 Toyota Head Office 273,360 (23.6 GJ/m2) 56 
5 Darebin Velodrome 176,090 (19.7 GJ/m2) 49 
6 Solar Hot Water System 54 67 
7 Royal Domain 1,277,676 (27.2 GJ/m2) 55 
8 Washing Machine 15 80 
Table 5.8  Input-output-based hybrid life cycle inventory analysis embodied 
energy case study results (GJ) 
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The IOH-LCIA results show a moderate increase in the total embodied energy values 
for the building case studies over the PH-LCIA results, ranging from 8 to 42%. 
However, for the building product case studies, these increases are more significant 
with the IOH-LCIA values more than double the PH-LCIA values. These significant 
increases may be due to the building products belonging to more complex and energy 
intensive sectors. 
In comparison to the IO-LCIA embodied energy figures, the IOH-LCIA figures for 
the building product case studies are similar, whereas a much greater difference 
exists between the IOH-LCIA and IO-LCIA values for the building case studies. 
The percentage of the total embodied energy values for each case study, using the 
IOH-LCIA method (Table 5.8), made up of I-O data, ranges from 49 to 80% with an 
average across the case studies of 65%. This equates to a 60% increase in the average 
percentage of I-O data over that included in the PH-LCIA figures, and shows, 
therefore, the incompleteness associated with PH-LCIA. The I-O percentage values 
represent the gap in traditional P-LCIA, with I-O data being used to fill in this gap 
when using the IOH-LCIA method. However, the accuracy of this I-O data needs to 
be evaluated. 
5.5.1 Case study material input breakdown 
The total IOH-LCIA embodied energy figures given in Table 5.8 can be broken 
down on a material input basis. Figure 5.1 shows the material level breakdown for 
each case study, showing the distribution of embodied energy values across the main 
materials. The materials included in each of the case studies are allocated to material 
groups, as listed in Table 5.9 below. A more detailed material group breakdown of 
all of the case studies, showing both process and I-O data components, is given in 
Appendix J. 
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Material groups List of included materials 
Steel Decking, decking - colourbond, steel, stainless steel 
Concrete Cement, concrete roof tiles, concrete - various grades, fibre cement sheet - 
various thicknesses, granite, sand, screenings, bitumen, hebel 
Other metals Aluminium, copper, reflective foil, magnesium 
Ceramics Brick, tile - ceramic, other ceramic products 
Carpet Carpet - wool and nylon 
Glass Clear float glass, toughened glass - various thicknesses 
Fibreglass batts Fibreglass batt insulation 
Plasterboard Plasterboard - various thicknesses 
Plastic Laminate, membrane, plastic, UPV pipe, vinyl flooring, foam, oil 
Paint Paint - water and oil based 
Timber products MDF/particleboard, timber - softwood and hardwood, paper, cardboard 
Wheat straw Wheat straw 
Additional items Hot water systems, photovoltaics, water treatment, refrigerator, stove, 
refrigerator, air conditioner, space heater 
Table 5.9  Breakdown of material groups 
In addition to the above listed material groups used for the material breakdown for 
all case studies (Figure 5.1), the direct energy input is also shown as well as an item 
classified as ‘other items’. These ‘other items’ include the inputs of goods and 
services calculated using I-O data through the IOH-LCIA, and represent those inputs 
which are in addition to the total inputs calculated through the PH-LCIA. 
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Source: Appendix I 
Figure 5.1  Case study material group embodied energy breakdown, as a 
percentage of total input-output-based hybrid embodied energy 
Figure 5.1 shows the large variation of material inputs between each of the case 
studies, demonstrating the appropriateness of this selection of case studies for 
providing a useful evaluation of the LCIA methods. With regard to the contribution 
of material inputs to the building case studies, Figure 5.1 shows that the input of 
‘steel’ contributes the greatest to the total embodied energy of buildings. This 
contribution ranges from just below 20% for the refurbished Ecohouse to over 50% 
for the Darebin Velodrome. The input of ‘other items’ into the building case studies 
also contributes significantly to the total embodied energy of these case studies, and 
accounts for between 8% (Ecohouse) and 30% (refurbished Ecohouse) of the total 
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embodied energy of the buildings. The embodied energy of the ‘concrete’ inputs to 
the Ecohouse, Darebin Velodrome and Royal Domain Office Building case studies is 
also significant (15% each), whilst the input of ‘ceramics’ to the Ecohouse (16%), 
‘additional items’ to the refurbished Ecohouse (21%), and ‘glass’ to the Toyota Head 
Office (11%) are also significant for the respective case studies. As the proportion of 
material inputs differs from one case study to the next, including the proportion of 
‘other items’, a comparative LCA based on an incomplete system boundary may give 
an inaccurate result. Therefore improvement in the completeness of LCIA methods is 
crucial. 
In relation to the contribution of material inputs to the building product case studies, 
Figure 5.1 shows that the input of ‘other items’ makes up the overwhelming majority 
of the total embodied energy for all of the building products. This contribution 
ranges from 50 to 65%. For the BiPV and BiPV HRU case studies, the input of the 
energy required for the manufacture of the PV modules makes up the next most 
significant contribution to the total embodied energy of these two case studies (20 to 
30%). For the two remaining building product case studies looked at in this study 
(Solar Hot Water System and Washing Machine), the input of ‘steel’, after the ‘other 
items’, accounts for the next most significant input to the total embodied energy of 
the case studies (21 to 27%). The significance of the ‘other items’ shows that for 
building products, improving the completeness of the LCIA method is even more 
crucial than for the analysis of buildings. 
The last column shown in Figure 5.1 shows an average of material inputs across all 
building and building product case studies. This average is significant as it shows 
that the input of ‘other items’ accounts for close to 40% of the total embodied energy 
of the combined case studies. ‘Steel’ inputs make up a further 27% of total embodied 
energy, with the remainder of the embodied energy of the combined case studies 
made up of the remaining materials inputs. It can be seen, therefore, that, on average, 
across the building and product case studies the IOH-LCIA method adds close to 
60% to the embodied energy calculated through the previously most complete 
method of LCIA, namely PH-LCIA. The need for a more comprehensive method of 
LCIA than those used traditionally is evident. 
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5.6 Evaluation 
The purpose of this study was to evaluate the application and use of I-O data in 
combination with the newly developed IOH-LCIA method in order to test the 
reliability and completeness of this hybrid LCIA method. The evaluation of the 
results obtained from the analysis of the building and building product case studies 
outlined in Chapter 4 has been performed using the gap analysis method and the 
comparative analysis method that is described in Chapter 3. Table 5.10 summarises 
the range of results obtained for all case studies based on the application of the 
IOH-LCIA and, for comparison, the other three LCIA methods. The subsequent 
evaluation of the LCIA methods is based on the results of the application of these 
methods to the case studies. 
Case study IO-LCIA P-LCIA (a) PH-LCIA (b) IOH-LCIA (c) 
1a Ecohouse 576 676 1354 1466 
1b Refurbished Ecohouse 2220 415 1029 1460 
2 BiPV 27 7.9 8.5 25 
3 BiPV HRU 38 10 16 37 
4 Toyota Head Office 119,080 120,970 210,320 273,360 
5 Darebin Velodrome 80,907 90,670 145,360 176,090 
6 Solar Hot Water System 51 18 27 54 
7 Royal Domain 618,207 568,790 967,993 1,277,676 
8 Washing Machine 18 3.0 6.6 15 
Table 5.10  Case study embodied energy results based on each life cycle 
inventory analysis method (GJ) 
5.6.1 Gap analysis 
Table 5.11 shows the results of the gap analysis for each of the case studies. This gap 
is expressed as the percentage of completeness of the P-LCIA or PH-LCIA results (a 
or b from Table 5.10) when compared to the IOH-LCIA results (c from Table 5.10). 
In the case of the IOH-LCIA, this gap is filled with I-O data, resulting in a more 
comprehensive embodied energy value. Gap1 represents the gap between the P-LCIA 
and IOH-LCIA results, whilst Gap2 represents the gap between the PH-LCIA and 
IOH-LCIA results (Table 5.11). 
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1a Ecohouse 54% 7.6% 
1b Refurbished Ecohouse 72% 30% 
2 BiPV 69% 66% 
3 BiPV HRU 72% 57% 
4 Toyota Head Office 56% 23% 
5 Darebin Velodrome 49% 17% 
6 Solar Hot Water System 67% 50% 
7 Royal Domain 55% 24% 
8 Washing Machine 80% 56% 
Table 5.11  Embodied energy gap between input-output-based hybrid and 
process-based or process-based hybrid life cycle inventory analysis methods 
The gap analysis performed on the buildings and building products used for this 
study has shown that the gap, or difference, between traditional P-LCIA and the 
more comprehensive IOH-LCIA results, ranges from 49% for the Darebin 
Velodrome case study and up to 80% for the Washing Machine case study 
(Table 5.11 - Gap1), with an average gap of 64%. The gap between the PH-LCIA and 
IOH-LCIA results ranges from 7.6% for the Ecohouse case study to 66% for the 
BiPV case study (Table 5.11 - Gap2), with an average gap of 37%. The decrease in 
the value of the gap for the PH-LCIA results is due to the inclusion of I-O data to 
increase the completeness of the P-LCIA results. 
These gap analysis results also show that the gap for the building products is 
significantly higher than those for the building case studies. Again, this may be due 
to the complex and highly energy intensive sectors to which the building products 
belong (‘other electrical equipment’ and ‘household appliances’). 
These results show that previous studies on the incompleteness of P-LCIA methods 
may be fully justified. Therefore, with the use of I-O data, the completeness of the 
IOH-LCIA has shown to be greater than any other LCIA method currently available. 
This finding is despite the errors associated with currently available data. 
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5.6.2 Comparative analysis 
The following Figures (5.2 to 5.5) show the results of the comparative analysis of 
each of the case studies, for material energy intensities, material inputs and the whole 
buildings and building products. The initial I-O values for each case study (the TEIs 
of those I-O sector paths replaced with process data) have been compared to the 
process values (the values used to replace the I-O TEIs) to determine the validity of 
the I-O values. A logarithmic scale is used to avoid smaller values being lost for the 
sake of comparison. Figures 5.2 to 5.5 indicate that the national average I-O data 
may not always be a strong model for the equivalent process data. This finding is 
evident from the weak correlation between the two values for material inputs and 
whole products. 
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5.6.2.1 Material energy intensities 
The comparative analysis was first performed at the simplest level, for the list of 
basic material energy intensities used in the IOH-LCIA of each case study 
(Figure 5.2). While there is some relationship between the equivalent I-O and 
process values for the material energy intensities used in the study, the majority of 
energy intensities shown in the graph have a greater I-O value than process value 
(71%). Those material energy intensities that do have a greater process value than the 
equivalent I-O value are those with the greatest total energy intensity value in 
GJ/unit. The large range of values, outside what would be considered to be a strong 
correlation (a correlation greater than 0.9), shows that the I-O data rarely provides an 
























Figure 5.2  Comparison of input-output values and process values, by material 
energy intensities 
I-O Value (GJ/unit) 
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5.6.2.2 Material inputs 
The comparative analysis for material inputs of each individual case study are shown 
in Appendix K. Figure 5.3 shows the comparison of process and I-O values for the 
material inputs for all case studies. This graph shows that the majority of these points 
lie below 5 GJ/unit for both process and I-O components. Of the more significant 
material inputs (those above 5 GJ/unit) there is a greater spread between the points 
having a larger process value than I-O value and also having a larger I-O value than 
process value. The average correlation for all of the material inputs is 0.66, well 
below what is considered to be a strong correlation (0.9). Of the case study material 
input values below 5 GJ/unit (Figure 5.3), with the exception of one, all process and 
I-O values are below 3 GJ/unit. Whilst a number of these points can be considered to 
have a significantly large variation between their process and I-O values, the 
majority of material inputs represent relatively similar process and I-O values. A 

























Figure 5.3  Comparison of input-output values and process values for all case 
studies, by material inputs 
I-O Value (GJ/unit) 
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For the values below 1 GJ/unit (Figure 5.3), the majority (60%) of material inputs 
have both a process and I-O value less than 0.2 GJ/unit. The weak correlation 
between process and I-O components for these points below 0.2 GJ/unit may not, due 
to the low values, be significant. 
Whilst a minority of the material inputs with a value below 0.1 GJ/unit represented in 
Figure 5.3 appear to have process and I-O values that correlate well (<12%), the 
large scattering of the remainder of points may be of little significance due to the low 
values of the overall building and building product totals represented at this scale. 
However, this does show that, even for the smallest values of material inputs for the 
building and building products, I-O data does not provide a good representation of 
the equivalent process values. 
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5.6.2.3 Buildings and building products 
The comparative analysis of the whole buildings and building products shows 
whether the I-O components of the IOH-LCIA provide an accurate representation of 
the equivalent process values on a whole product level. Figure 5.4 shows the 
comparison between the total process values and the equivalent total I-O values for 
all case studies. A number of the case study total process values correlate well with 
the equivalent I-O values. These include the Ecohouse, BiPV and BiPV HRU case 
studies. However, the remainder of the case studies show that on the whole product 
level, I-O data can either be a conservative representation or overestimation of the 
























Figure 5.4  Comparison of input-output values and process values for all case 
studies, by total embodied energy 
I-O Value (GJ/unit) 
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Figure 5.5 shows the comparative analysis values for each case study, including 
material inputs and the whole products as a percentage of the total value for each 
respective component. The point in the top right hand corner represents the total 
values for all case studies, consisting of the combined material inputs for the 
respective products (i.e. 100%). As can be seen in Figure 5.5, the majority of points 
represent less than 10% of the totals for each case study. Those points which 
represent more significant amounts of the total have a large variance in the quantity 
of either process or I-O data. A considerable number of these points represent 





























Figure 5.5  Comparison of input-output values and process values as a 
percentage of total values, by material inputs and whole products 
Significantly, the comparative analysis results from Figures 5.2 to 5.5 have shown 
that current I-O data does not provide a sufficiently accurate or reliable 
representation of the equivalent process values of materials and products associated 
with the Australian construction industry. 
I-O Value (GJ/unit) 
% 
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5.6.3 Combined evaluation 
The relationship between the values obtained from the gap analysis and the 
comparative analysis can be used to determine the further significance of the gap 
analysis and comparative analysis results. This relationship is shown in Figure 5.6. 
The ‘gap’ values, shown on the ‘y-axis’, represent the % gap between the process-
based and IOH-LCIA results for the material inputs and whole products. The ‘x-axis’ 
represents the comparisons between equivalent process and I-O values for the 
material inputs and whole products. These values are converted to a percentage of 
correlation between the two values. For example, a value of 100% would show a 
perfect correlation between the equivalent process and I-O value (correlation of 1.0). 
A value higher than 100% means that the process value is higher than the equivalent 
I-O value. Therefore, a value of 0% correlation would mean that no process data was 
available and that the gap is 100%. 
Ideally, for I-O data to be shown to provide an accurate representation of equivalent 
material input and whole product process data values, there would be a relatively low 
gap (say below 50%) and a close correlation between process and I-O values (close 
to 100%). This ideal situation is shown by the dotted line in Figure 5.6. All but one 
(‘plastic products’ into the Washing Machine case study) of the points in the graph 
lies outside this ideal area. Thus, it is again shown that there is a weak correlation 
between equivalent process and I-O values and that there are large truncation errors 
associated with currently available process data (as shown by the large gap). 
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Figure 5.6  Relationship of gap and process versus input-output value 
comparisons, by material inputs and whole products 
Due to the weak correlation between process and I-O values and the large truncation 
errors (gaps) associated with process data, it appears that I-O data does not provide 
an accurate representation of the equivalent process data for material inputs and 
whole products. The significant gap for all of the inputs shows the need for 
improvements in the completeness of LCIA methods. 
5.7 Summary 
This chapter has presented the results of the analysis and evaluation of the 
IOH-LCIA method in order to determine the reliability and completeness of its use 
across a wide range of building types and products. A number of methods have been 
used to evaluate the IOH-LCIA method, including a gap analysis of the difference in 
values between traditional P-LCIA and PH-LCIA methods and the IOH-LCIA 
method being evaluated, and a comparative analysis of the equivalent process values 
and I-O sector values. 
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The gap analysis has shown that the IOH-LCIA can add up to 80% of the embodied 
energy of traditional P-LCIA results and 66% of the embodied energy of PH-LCIA 
results for buildings and building products. 
The comparison between equivalent process and I-O values of the IOH-LCIA 
method has shown that there is little correlation between these two values for 
material energy intensities, material inputs and whole products. 
The following chapter discusses the results from the evaluation of the IOH-LCIA 
method and the implication of these results when undertaking a LCEA or embodied 
energy analysis of products associated with the Australian construction industry and 
other products not related to buildings. 
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6. Discussion 
6.1 Introduction 
It was shown in Chapter 5 that P-LCIA and PH-LCIA suffer from considerable 
truncation errors, whilst the use of IO-LCIA is limited by its unreliability. The 
combination of process and I-O data to form hybrid LCIA methods was shown to 
improve the level of system boundary completeness, whilst maintaining the level of 
reliability usually associated with process data. However, it was found that there is 
truncation errors associated with PH-LCIA. It was therefore shown that the 
IOH-LCIA method may, when compared to IO-LCIA, P-LCIA and PH-LCIA 
methods, provide a more comprehensive assessment of the energy inputs to a range 
of buildings and building products. The evaluation of the results of the IOH-LCIA 
for all of the case studies showed the inadequacy in the quality of currently available 
process data, as well as the lack of reliability in I-O data. 
The aim of this chapter is to discuss the implications and limitations of the results 
presented in Chapter 5, based on the research method that was used and described in 
Chapter 3. Chapter 4 also demonstrated, in particular, how the selection and analysis 
of case studies may affect the results of the LCIA. The IOH-LCIA method is 
evaluated in terms of its level of reliability and completeness as compared to the 
more traditional LCIA methods. This evaluation is performed by comparing the 
results, obtained from the application of these methods to the case studies outlined in 
Chapter 4. The appropriateness of using I-O data to replace or account for inadequate 
process data for material energy intensities, material inputs and whole buildings and 
products in PH-LCIA or IOH-LCIA is also discussed in this chapter. 
This chapter considers the suitability of using the IOH-LCIA method for the 
embodied energy evaluation of various building types and building products, 
together with the applicability of the use of the LCIA method for other products. The 
limitations of the study are outlined and the method that was used for evaluating the 
IOH-LCIA method is assessed. 
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6.2 Life cycle inventory analysis results 
While a IO-LCIA is used for an initial estimate of embodied energy only (due to the 
errors associated with I-O data and the availability of more reliable hybrid methods), 
the IO-LCIA of the building products used in this study showed a close relationship 
between the initial IO-LCIA and the final IOH-LCIA results. Although this 
relationship was unexpected, generalisation about the possibility of using an 
IO-LCIA instead of a slightly more time consuming hybrid LCIA method needs to be 
restricted until further evaluation can be made across a wider range of building 
products. As only two sectors were used in the LCIA of the building products 
(‘household appliances’ and ‘other electrical equipment’), these findings may not 
necessarily be valid for the other 104 sectors of the economy or for other types of 
building products. However, at this stage this is significant for it suggests that recent 
improvements in the quality of the I-O model, compared to the 1992-93 model 
(Treloar, 1998), were greatly beneficial. 
In most cases, the P-LCIA results for each building and building product case study 
were lower than the respective IO-LCIA results. This finding reflects the views of 
Lenzen and Dey (2000) who found that P-LCIA results are consistently lower than 
results calculated using IO-LCIA. Voorspools, Brouwers and D’haeseleer (2000), in 
their study on the energy inputs to emission-free power plants, also showed that 
IO-LCIA results were up to three times greater than the results from P-LCIA. The 
lower P-LCIA than IO-LCIA results for the buildings and building products in this 
study may be due to two factors, namely that a small amount of process data was 
available for the case studies, or that the products and buildings belong to complex 
sectors. Therefore, the results of a LCIA may be significantly incomplete when using 
process data alone, and as such a more sophisticated method is needed. The 
exceptions to this (Ecohouse, Toyota Head Office and Darebin Velodrome case 
studies) may be due to either of the following: 
• an underestimation of the price of the buildings as used in the IO-LCIA; 
• a considerably large proportion of process data was available; or 
• other limitations associated with IO-LCIA. 
For all of the building products, the PH-LCIA results were considerably lower than 
the IO-LCIA results. However, as was expected, the PH-LCIA results were all higher 
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than the respective P-LCIA results. With the exception of the refurbished Ecohouse 
case study, the PH-LCIA results of the building case studies were considerably 
higher than the equivalent IO-LCIA and P-LCIA results. This finding is due to the 
inclusion of I-O data to fill the gaps in the P-LCIA results and the possible 
underestimation of the price of the buildings used in the calculation of the IO-LCIA 
results. This finding may mean, particularly for the building case studies, that 
IO-LCIA significantly underestimates embodied energy. 
The IOH-LCIA results show higher values compared to P-LCIA and PH-LCIA 
results. This finding is due to the use of I-O data to fill the gaps in these process-
based LCIA methods. The IOH-LCIA figures are considerably higher than the 
P-LCIA figures, some 200-500% more. This variation is considered reasonable, 
based on reported truncation errors of up to 50% (Lave et al., 1995; Lenzen, 2000, 
2001a; Lenzen and Treloar, 2003) and the increased complexity of the I-O model 
used in this study. These discrepancies are discussed in relation to the evaluation of 
the difference between P-LCIA and IOH-LCIA results in Section 6.4 (gap analysis). 
6.3 Life cycle inventory analysis material breakdown 
A breakdown of the most significant material inputs to the total embodied energy of 
each case study was performed (Figure 5.1) in order to establish the areas which 
require the most consideration in terms of improvements to data quality and 
availability. 
The breakdown of material inputs included in each case study was shown in 
Figure 5.1. The ‘other items’ include the additional inputs added to the PH-LCIA 
figures to produce the IOH-LCIA results, and also non-material inputs. For the 
majority of the case studies the ‘other items’ account for a large percentage of the 
total results. Whilst the ‘other items’ represent less than 30% of the total embodied 
energy of the building case studies, these values for the building product case studies 
are much greater, accounting for at least 50% of the total embodied energy in each 
case (up to over 60% for the BiPV case study). This finding could be due to a lack of 
available process data for building products, such as those used in this study. 
Alternatively, it could mean that the amount of available process data for buildings is 
relatively high, or that the prices are higher than the average product from the 
respective industry sector. The truncation errors of the PH-LCIA method are 
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evidenced by the input of ‘other items’ accounting for such a large proportion of the 
total embodied energy figures of the case studies. These results show that a 
PH-LCIA may only account for as little as 40% of the embodied energy value of a 
particular building or building product. Therefore, the use of P-LCIA or even a 
PH-LCIA method is inadequate for calculating the embodied energy of buildings and 
building products. 
The next most significant input, particularly for the building case studies, is ‘steel’, 
and accounts for 20% for the refurbished Ecohouse case study, and up to over 50% 
of the inputs to the Darebin Velodrome case study. Steel was also found to be one of 
the largest contributors to the embodied energy of a building in a study using a 
P-LCIA by Scheuer, Keoleian and Reppe (2003). The various other inputs make up 
in some cases 10-15% of the total embodied energy of each of the case studies. In 
relation to the inputs of ‘steel’ and ‘other items’, and in consideration of the possible 
errors associated with the results of +/-50% for I-O data alone (Miller and Blair, 
1985), these figures are relatively insignificant. Therefore, ensuring that the inputs of 
‘other items’ are sufficiently accounted for is of great importance. Consideration of 
these ‘other items’ is the main contribution that a IOH-LCIA method can make to 
improvements in LCIA methodology. 
6.4 Gap analysis 
The evaluation of the gap, or difference, between the P-LCIA or PH-LCIA results 
and the IOH-LCIA results of each of the case studies (Table 5.11), has shown that 
traditional P-LCIA and PH-LCIA suffer from a large truncation error. It also shows 
that the IOH-LCIA, with its increased complexity, provides a more comprehensive 
evaluation of energy inputs to buildings and building products. The truncation errors 
associated with P-LCIA have been identified by Lenzen (2000, 2001a) to be in the 
range of 50%. The results obtained from this study support Lenzen, and show that 
this gap is typically 50%, but can be up to 80% for certain building products. What 
was found to be considerable in the evaluation of the gap between P-LCIA and 
PH-LCIA and IOH-LCIA results was that the gap for all of the building case studies 
(~50% for P-LCIA and ~20% for PH-LCIA) was less than any of the building 
product case studies (~70% for P-LCIA and ~60% for PH-LCIA). The reasons for 
this may include any or all of the following: 
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• the types and energy intensities of material inputs differ between buildings 
and building products; 
• the quantity of process data available for different materials; or 
• the difference in I-O TEIs for building sectors (‘residential building’ and 
‘other construction’) compared to building product sectors (‘household 
appliances’ and ‘other electrical equipment’). 
An analysis of the gap between P-LCIA or PH-LCIA and IOH-LCIA results of the 
material inputs to each product provides a more detailed and less aggregated 
evaluation than on a whole product basis. However, on this more detailed level, the 
gap between traditional P-LCIA or PH-LCIA and IOH-LCIA results remains 
significant. The current errors associated with I-O data may mean that the gap may 
be even higher than reported in this study. For example, the inclusion of capital 
equipment inputs in the I-O model (see Section 2.5.3.2) may increase the gap 
between P-LCIA or PH-LCIA and IOH-LCIA results. Due to the large truncation 
errors associated with process-based studies, it may also be concluded that there is a 
lack in the quantity of process data currently available in Australia. 
6.5 Comparative analysis 
An analysis of the gap between P-LCIA or PH-LCIA and IOH-LCIA results gives an 
indication of the truncation errors associated with P-LCIA and PH-LCIA and the 
level of completeness added through the IOH-LCIA method. The evaluation of the 
reliability of I-O data for replacing process data is also important. A comparison 
between process and I-O data is the first step in testing this reliability. 
A comparative analysis was used to evaluate the use of process and I-O data, in 
particular in accounting for those inputs which a typical P-LCIA or PH-LCIA does 
not consider. It was not possible to compare the actual I-O values for which 
equivalent process data was not available, as there were no values to compare the I-O 
values to. However, if the equivalent I-O values of the inputs for which process data 
had actually been collected were compared, then this comparison could apply to 
those I-O values used to complete the system boundary in an IOH-LCIA. 
The comparative analysis of the material energy intensities showed that the process 
data components of a small number of these intensities have a strong correlation to 
the equivalent I-O values. However, for a large number of these material energy 
Chapter 6: Discussion                                   Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 122 
intensity figures (38%), the I-O values are lower than the process values, with the 
I-O data providing an underestimation of the process data. Therefore, for the material 
energy intensities used for this study, the I-O data may not provide an accurate 
indication or representation of the inputs for which process data is not available or 
collected, as, with an average correlation of 0.24, it does not appear to be accurate for 
those inputs for which process data is available. 
For the material inputs, the comparison between process data and I-O data showed a 
strong relationship for a very small number of materials (~10%), while there is very 
little correlation for the majority of the material comparisons (an average correlation 
of 0.66). For material inputs into both buildings and building products, I-O data does 
not provide an accurate representation of equivalent process values. Therefore, the 
use of I-O data to account for that process data which is typically not collected in a 
LCIA may not be appropriate. 
At the whole building and building product level there is a stronger relationship 
between process and I-O values. There is also a large variation in the comparison of 
process and I-O values for each of the case studies. This variation shows that for 
buildings and building products, I-O data may not provide a useful indication or 
representation of the equivalent process data used in a LCIA. Moreover, this means 
that the I-O data used in the IOH-LCIA to complete the system boundary may not be 
representative of the process data for which this I-O data is used to account for. 
However, due to the errors associated with process data, in particular the truncation 
errors, using I-O data with its own limitations may be better than having no data at 
all. An advantage of using I-O data is the ability to utilise it for the scoping of LCA 
and LCEA studies and for the initial collection of process data. 
The comparative analysis between I-O and process data showed that the values 
provided by I-O data rarely provide an accurate indication or representation of the 
equivalent process values, on a material energy intensity, material input or whole 
product level. This result was previously suggested in an initial study by Treloar 
(1998) based on a single building. This current study has shown the lack of 
correlation between process and I-O values across a broader range of building types 
and building products. However, due to the large gaps between these values and 
IOH-LCIA values, this is more likely to be due to the limitations of current process 
data in Australia, particularly to the insufficient quantity of such data. Until 
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significantly more process data is available, gap and comparative analysis may be 
sophisticated enough for the evaluation of the IOH-LCIA method. The gap and 
comparative analysis methods can also be used to measure the progress in process 
data collection. The quality of the available Australian process data can then be 
evaluated, allowing for further evaluation of the LCIA methods to occur.  
Errors associated with current I-O data may be able to be partially resolved with the 
further disaggregation of the I-O model. The sector-specific breakdown of the 
Australian economy, as is used in current I-O models, can be further disaggregated 
into commodity level data, thus reducing some of the uncertainty associated with 
current levels of aggregation in I-O data. A more disaggregated level of I-O data 
would help to provide a more reliable calculation of the inputs to a particular 
product. Rather than applying a sector average energy intensity figure to a particular 
product from a sector which contains a number of different products with different 
energy intensities, a product specific energy intensity is able to be obtained and used. 
This level of I-O data may only be available for one more year, 1996-97 (ABS, 
2001b). 
6.6 Combined evaluation 
While the analysis of the gap and the comparison between process and I-O values 
has been performed, an evaluation of the relationship between the results from these 
two evaluation methods is useful in determining the specific applications to which 
the IOH-LCIA method is best suited. 
The ideal situation for achieving a reliable and comprehensive LCEA or embodied 
energy analysis would be for the gap between the P-LCIA or PH-LCIA and 
IOH-LCIA results to be as small as possible (closer to 0% on the y-axis, and no more 
than 50%), and for there to be a close correlation between the equivalent I-O and 
process values (greater than 0.9). These factors would give an indication of the level 
of reliability that could be associated with the process and I-O data. It would also 
mean that the quantity of process data currently available would be sufficient for 
LCIA and that the I-O values may be an accurate representation of the process values 
of a LCIA. In this case, there may be little need for any further collection of process 
data, as the less time consuming and easier to collect I-O data may become a suitable 
model of the process data. This may also mean that the evaluation techniques used in 
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the evaluation of the IOH-LCIA method may not have been sophisticated enough for 
their purpose, as existing errors and limitations of current LCIA methods mean that a 
gap and lack of close correlation are to be expected. Due to the state of currently 
available Australian data, this level of evaluation of LCIA results would be sufficient 
as errors and limitations of these current LCIA data sources and methods restrict any 
more sophisticated evaluation from being relevant or necessary. 
Only one point was considered as satisfying the considerations as discussed above 
(‘plastic products’ into the Washing Machine case study). The fact that there are 
large truncation errors associated with process data (Treloar, 1997; Lenzen, 2001a) 
suggests that gaps in the process figures are more than likely, and, moreover, were to 
be expected. However, the gaps in P-LCIA were found to be greater in this study 
than have been previously reported (Lave et al., 1995; Lenzen, 2000, 2001a; Lenzen 
and Treloar, 2003). 
The relationship between the gap and the correlation of I-O and process values 
showed that although there were a number of points with a fairly low gap and a 
higher process value than I-O value, the majority of points showed a high gap and a 
lower process value than I-O value. Typically, the gap between the P-LCIA and 
IOH-LCIA results ranged from 30% upwards, with the higher proportion of these 
above 60%. The gap between the PH-LCIA and IOH-LCIA results ranged from 7.6% 
upwards, with the higher proportion of these above 30%. The reason for the 
considerable gap in P-LCIA and PH-LCIA results is due to the truncation errors 
associated with the process data (Lenzen, 2000, 2001a). In all cases this gap is 
significant, while the exact degree of this gap may be dependant on a number of 
factors including: 
• quantity and quality of process data available; 
• variation in material inputs; 
• energy intensity of material inputs; and 
• energy intensity of I-O sectors used. 
A considerable number of points showed a process value greater than their 
equivalent I-O value (46%). However, the majority of points (54%) had a smaller 
process value than the equivalent I-O value. The reason for such a large variation in 
the process values when compared to the equivalent I-O values may be due to the 
Chapter 6: Discussion                                   Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 125 
errors in the I-O model and the process data. These errors include the truncation 
errors associated with process data and the possible discrepancies between the 
product specific process data and the national average I-O data for specific materials. 
For example, a particular material may have an I-O TEI of 10 GJ/m3, while the 
process based energy intensity of the material may be greater than the national 
average due to a particular manufacturing process or location. 
As the evaluation between the gap and comparison between process and I-O values 
has shown that none of the points have a low gap and strong correlation, it can be 
assumed that the quantity of currently available process data is not sufficient for the 
LCIA of buildings and building products. However, as for I-O data, having some 
process data is better than having none at all, and may be adequate until more 
process data is collected. 
6.7 Appropriateness of evaluation methods 
The appropriateness of the evaluation methods used to test the IOH-LCIA method 
depends on the results that were obtained from the evaluation of the gap and process 
and I-O values comparison. If the gap between the P-LCIA or PH-LCIA results and 
IOH-LCIA results for material energy intensities, material inputs or whole products 
was found to be large, but the comparison between the equivalent process and I-O 
values was found to be close, then this would indicate that there are scoping-related 
problems with the process data. However, it may be considered that, as a gap is 
expected, the evaluation methods were not necessarily inappropriate. 
If it were found that there was a small gap between the P-LCIA or PH-LCIA and 
IOH-LCIA results and also a close correlation between the process and I-O values 
for material energy intensities, material inputs and whole products studied, then it 
may be assumed that the evaluation methods used, namely gap analysis and 
comparative analysis, were not sophisticated enough for the testing of the IOH-LCIA 
method for the following reasons. 
Firstly, if a small gap was found between the P-LCIA and IOH-LCIA results for a 
majority of material inputs and/or products, this may be due to a: 
• simple product; or 
• large amount of process data available for that material or product. 
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Yet this is not likely with the materials and products considered, as no small gaps 
were found. With the previously reported high degree of truncation associated with 
process data (Lenzen, 2000, 2001a), if this were the case then the method used to 
assess the gap would be considered to be inadequate. 
Secondly, if the comparative analysis were to show a close correlation between 
process and I-O values (greater than 0.9), then further evaluation methods, such as 
error analysis, would need to be used. In this case, an assessment of the accuracy and 
errors associated with the process data would have to be performed. It is unlikely that 
the majority of material energy intensity, material inputs and whole product values 
would be closely correlated. This lack of correlation is due to the inherent errors 
associated with both process and I-O data. However, it is possible that some 
correlation may be evident due to the combined effect of these errors. 
However, the evaluation of the IOH-LCIA method showed a large gap between the 
P-LCIA and PH-LCIA results and the IOH-LCIA results for the majority of material 
energy intensities, material inputs and whole products. As this was to be expected, 
and due to the large range of figures produced from this evaluation, it can be 
concluded that the gap analysis method used in this study is a suitable method for 
evaluating the gap between traditional P-LCIA or PH-LCIA results and those results 
from an IOH-LCIA for material energy intensities, material inputs and whole 
products. Significantly, the gap analysis performed in this study showed that the 
truncation errors associated with process data are critical, and, moreover, that this is 
of major concern. 
The comparative analysis of the process and I-O components of the IOH-LCIA 
method showed a weak correlation between equivalent process and I-O values for 
material energy intensities, material inputs and whole products. Due to the range of 
results produced from the comparative analysis, it can be concluded that the 
comparative analysis method is currently an adequately sophisticated method for 
evaluating the use of I-O data in a hybrid LCIA at all levels from material energy 
intensities to material inputs and whole products. This evaluation showed, using the 
gap analysis, that the majority of process values were significantly incomplete in 
system boundary. Furthermore, it appears unnecessary to conduct any further 
evaluation of the I-O data component of a hybrid LCIA until improvements can be 
made with the quantity and quality of process data available for LCIA. However, this 
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may be an option if industry generally continues to eschew the open and transparent 
sharing of information on process data. 
6.8 Universality of input-output-based hybrid LCIA method 
With the IOH-LCIA method developed by Treloar (1997, 1998) and as tested in this 
study, having been shown to be the most appropriate method for LCIA of buildings 
in the current state of Australian process data quantity (Nielsen and Weidema, 2000), 
the ability for this method to be applied to non-building related products can be 
examined. 
The embodied energy of buildings makes up a large component of a building’s life 
cycle energy consumption. The use of the IOH-LCIA method for assessing the 
embodied energy of non-building related products will depend on the range of 
materials used in the manufacture of the specific product. The IOH-LCIA method 
may be considered to be appropriate for assessing any products that contain the same 
or a similar mix of materials to the building and building product case studies used in 
this study. For other products the results will also be affected by: 
• the amount of process data available for the specific product; 
• the complexity of the product; and 
• the I-O sector to which the product belongs. 
The ability to generalise the conclusions from the results of this study may be 
possible. Although not tested, it is still likely that non-building related products will 
suffer from similar limitations to the building related products assessed in this study. 
These limitations include the gap between traditional P-LCIA or PH-LCIA and 
IOH-LCIA results being significant. It also includes the I-O values obtained from the 
I-O model not being indicative of the equivalent process values, or the inputs, for 
which process data is not usually collected, but for which I-O data is used to account 
for. The exception to this is for simple products or those which have a large 
proportion of process data available.  
An analysis can be made of the complexity of the I-O model in relation to the level 
of process data available to determine the likelihood of the I-O model being able to 
be applied to non-building related products. Treloar (1998) performed this analysis 
for the 1992-93 I-O model by determining the number of direct energy paths needed 
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to describe 90% of the TEI of each economic sector (Appendix M). The larger the 
number of paths required, the more complex the sector. For the products that belong 
to those sectors with a similar complexity as the sectors used in this study (e.g. 
‘residential building’ (592), ‘other construction’ (865), ‘household appliances’ (528), 
‘other electrical equipment’ (219) and ‘sheet metal products’ (171)) it can be 
assumed that the IOH-LCIA method would be appropriate for analysing their 
embodied energy. For those sectors with a low level of complexity (e.g. ‘cement and 
lime’ (1) and ‘ceramic products’ (2)), available process data may be sufficient for 
analysing the embodied energy of the products belonging to these sectors. For those 
sectors with a high complexity (e.g. ‘insurance’ (1596), ‘footwear’ (1637) and ‘non-
bank finance’ (3215)), the IOH-LCIA method is necessary as the level of process 
data currently available would be insufficient for analysing the embodied energy of 
products belonging to these sectors. An analysis of the complexity of the sectors in 
the 1996-97 I-O model would be necessary to re-confirm the sectors to which the use 
of the IOH-LCIA method may be most essential. 
The main advantage of the IOH-LCIA method is that it improves the system 
boundary completeness for both P-LCIA and PH-LCIA. However, with the errors 
still evident in process and I-O data, when conducting a LCIA using process and I-O 
data in any form, it is necessary to state that final LCIA results may be inaccurate 
due to the effect of these errors. The effect of these errors can be assessed with the 
use of evaluation methods such as error analysis or Monte Carlo simulation to 
determine the level of reliability and completeness that can be attributed to the results 
of the LCIA. 
Whilst this study has looked at the LCIA stage of a LCA, focusing on LCEA and 
embodied energy analysis, the improvements that can be made to traditional LCIA 
methods in terms of reliability and completeness have a subsequent impact on the 
accuracy of LCA findings. The use of the IOH-LCIA method can assist in providing 
a more accurate reflection of the environmental impacts associated with the 
manufacture of a particular product. While this study used energy as the primary 
environmental parameter, the LCIA framework can also be used to assess other 
environmental parameters, such as water. 
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7. Conclusions 
The impacts on the environment from human activities are of increasing concern. 
The need to consider the reduction in energy consumption is of particular interest, 
especially in the construction and operation of buildings, which accounts for between 
30 and 40% of Australia’s national energy consumption. Much past and more recent 
emphasis has been placed on methods for reducing the energy consumed in the 
operation of buildings. With embodied energy having been shown to account for a 
large proportion of a building’s life cycle energy consumption, there is a need to look 
at ways of optimising the embodied energy of buildings and building related 
products. 
LCA is considered to be the most appropriate tool for assessing the life cycle energy 
consumption of buildings and their products. The LCIA step of a LCA may currently 
suffer from several limitations, mainly concerned with the use of incomplete and 
unreliable data sources and LCIA methods. With these current limitations in mind, 
an IOH-LCIA method has been developed to minimise the errors associated with 
traditional LCIA methods. However, until now, this LCIA method had not been 
tested for its level of completeness and reliability. 
The aim of this study was to assess the reliability and completeness of the IOH-LCIA 
method, as applied to the Australian construction industry. A streamlined LCA was 
used, namely an embodied energy analysis and applied to a range of building and 
building product case studies. It was found that the results from a typical P-LCIA and 
PH-LCIA have a large gap when compared to IOH-LCIA results. This gap has 
shown that the currently available quantity of process data in Australia is insufficient. 
The use of I-O data to fill the gaps associated with traditional P-LCIA and PH-LCIA 
methods has been evaluated. However, even if the errors associated with current 
Australian I-O data were to be minimised, the gap between process-based and 
IOH-LCIA results would still be considered to be significant. Therefore, in terms of 
current LCIA practice, the improvement in the quantity of publicly available process 
data in Australia is of great importance. 
The comparison between equivalent process-based and IO-LCIA values showed that 
the I-O data does not provide a reliable representation of the equivalent process 
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values, for material energy intensities, material inputs and whole products. 
Therefore, the use of I-O data to account for inadequate or missing process data is 
not reliable. However, as there is currently no other method for filling the gaps in 
P-LCIA or PH-LCIA, using I-O data to fill these gaps appears to be better than not 
using any data at all. It is however imperative that the errors associated with any 
LCIA are assessed and clearly stated. 
The benefit of using I-O data to fill the gaps in traditional LCIA methods has been 
shown. The use of more sophisticated methods for evaluating I-O data is not 
considered necessary at this stage. The priority now should be to collect more 
detailed and a greater quantity of process data. Improvements in current I-O models 
are also needed, particularly to account for the inclusion of capital equipment inputs 
(i.e. the energy required to manufacture the machinery and other equipment used in 
the production of building materials, products etc.). Depending on the impact on 
sector energy intensities from the inclusion of capital in the I-O model, a further 
evaluation of the IOH-LCIA method may be necessary. However, no further 
evaluation of the use of I-O data in hybrid LCIA methods is required until these tasks 
have been performed. 
The IOH-LCIA method evaluated in this study has shown to be the most 
sophisticated and complete LCIA method currently available for assessing the 
environmental impacts associated with buildings and building related products. The 
IOH-LCIA method can be used to provide a more accurate indication of the life 
cycle stage of buildings and building products where the majority of energy is 
consumed. This finding is significant as the construction and operation of buildings 
accounts for a large proportion of national energy consumption. The use of the 
IOH-LCIA method for products other than those related to the Australian 
construction industry may be appropriate, especially if the material inputs of the 
product being assessed are similar to those typically used in the construction 
industry. The IOH-LCIA method has been used, without the introduction of any new 
errors, to correct some of the errors and limitations associated with previous LCIA 
methods. 
Although further improvements in the quantity of currently available process data are 
needed, this study has also shown that with the current available data for LCIA, the 
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IOH-LCIA provides the most reliable and complete method for use in assessing the 
environmental impacts of the Australian construction industry. 
7.1 Further Research 
While this study has considered the reliability and completeness of IOH-LCIA 
results in comparison to those produced from traditional LCIA methods, there are 
several areas where further research outside the scope of this thesis is suggested. 
Whilst I-O data contains many errors and limitations, any further evaluation of the 
I-O data component of a hybrid LCIA is unnecessary until improvements can be 
made with the quantity of process data currently available in Australia. Further 
research might include collecting this process data and then re-evaluating the 
IOH-LCIA method in terms of the quantity of available process data. This 
re-evaluation can be achieved by re-applying the IOH-LCIA method to the case 
studies used in this thesis, as well as products belonging to other economic sectors. 
The evaluation methods used in this study for assessing the reliability and 
completeness of the IOH-LCIA method were found to be adequate. This finding was 
due to the fact that the gap and comparative analysis methods showed a large range 
of results, across both materials and whole products. However, with improvements in 
the currently available process and I-O data, more sophisticated methods of 
evaluating hybrid LCIA methods may be needed. These methods would be 
particularly necessary if a re-evaluation of the gap showed a large reduction in the 
gap between process-based and IOH-LCIA results, or if the comparative analysis 
showed a strong correlation between a majority of equivalent process-based and 
I-O-based values. Moreover, as the evaluation of the IOH-LCIA method was 
performed for use with Australian process and I-O data, the appropriateness for using 
this method in other countries may need to be assessed. 
The inclusion of capital equipment in the current Australian I-O models is also of 
high priority, particularly due to the large range in the values of capital inputs 
currently estimated. The inclusion of capital equipment will increase the complexity 
of the I-O model and may therefore have a significant impact on the I-O energy 
intensities, and thus IOH-LCIA results. As the inclusion of capital equipment in the 
I-O model will increase the energy intensities of the I-O sectors, the gap between 
process-based and IOH-LCIA results is likely to increase. This increase in energy 
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intensity values is also likely to show a greater variation in the comparison between 
equivalent process and I-O-based values, thus further proving that I-O data does not 
provide a reliable replacement for process data. 
The further disaggregation of the current Australian I-O models, with the use of 
commodity details, may be useful in reducing the inherent errors associated with I-O 
data. With the errors associated with aggregation in current I-O data, any further 
disaggregation can only be of benefit. The use of a more disaggregated I-O model 
may provide a variation from the results reported in this study. However, the need for 
this would need to be evaluated as the ABS does not consider this to be warranted. 
The most likely scenario in the future is for the I-O model to be further aggregated 
from the current 106 sectors down to around 80 sectors. If this occurred, a further 
evaluation of the use of I-O data and the IOH-LCIA method may be necessary. 
With future improvements and alterations to the I-O models and available process 
data, the IOH-LCIA method should be re-evaluated. If future comparisons between 
equivalent process and I-O values were to show a stronger correlation, then it may be 
necessary to re-evaluate whether I-O data has become a reliable indicator of missing 
or inadequate process data, and therefore whether any further collection of process 
data is actually required at all. As improvements to process and I-O data occur, error 
analysis may become beneficial. Results from this type of analysis may not currently 
be valid due to the weak correlation and large gap shown in this study. It may still be 
necessary to evaluate updated or improved process and I-O data in a gap or 
comparative analysis context to avoid increasing errors as more detail is considered. 
An analysis of the complexity of the sectors in the 1996-97 I-O model is necessary to 
re-confirm the sectors to which the use of the IOH-LCIA method may be most 
essential. The more complex the I-O sector is, the greater likelihood there is that the 
P-LCIA and PH-LCIA results will be inaccurate for products belonging to that 
sector. Therefore, when performing a LCA, the more complex a sector is, the use of 
the IOH-LCIA method becomes even more crucial. 
The improvements to traditional LCIA methodology, through the use of IOH-LCIA, 
needs to be incorporated into future Australian LCA studies. These improvements to 
LCA methodology will then ensure a more accurate assessment of the impacts that 
particular products or processes may have on the environment over their entire life. 
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Appendix A 
 
Australia’s Total Net National Greenhouse Gas Emissions 
The total Australian net national emissions for 1999 are shown in Table A1. 
Emissions of CO2 are the largest contributor with 68.4% of CO2-e emissions, as 
mentioned in Section 2.2, followed by methane (CH4) at 25%. 
 
 
Greenhouse Gas Mt Mt CO2-e % of total 
CO2 313.5 313.5 68.4 
CH4 5.4 114.4 25.0 
N2O 0.094 29.3 6.4 
NOx 2.6 NA NA 
CO 19.7 NA NA 
NMVOC 2.1 NA NA 
PFCs 0.0001 1.0 0.2 
SF6 0(a) 0.004 0 
SO2 1.8 NA NA 
Total CO2-e NA 458.2  
(a) excludes emissions of SF6 from electricity transmission and distribution. 
Source: NGGIC, 2001 
Table A1  Australian total net national greenhouse gas emissions, 1999
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Appendix B 
 
Building Material Wastage Multipliers 
Table B1 lists the multipliers used in the calculation of material quantities of each 
case study to account for material losses due to on-site wastage. The calculation of 
delivered material quantities to account for this material wastage is described in 
Section 3.5.2. 
Item Wastage Multiplier    Source 
Footing and pad concrete 1.05 (CSIRO, 1994) 
Slab concrete 1.15 (CSIRO, 1994) 
Trenchmesh 1.1 (CSIRO, 1994) 
Reinforcement sheet 1.05 (CSIRO, 1994) 
Membrane 1.1 (CSIRO, 1994) 
Sand 1.1 (CSIRO, 1994) 
Screenings 1.3 Estimated 
Fabricated metal products 1.05 Estimated 
Timber flooring 1.05 (CSIRO, 1994) 
Floor joists and bearers 1.05 (CSIRO, 1994) 
Fixings metal 1.1 (Wainwright and Wood, 1981) 
Roof framing timber 1.05 (CSIRO, 1994) 
Concrete and Terracotta roof tiles 1.1 (CSIRO, 1994) 
Metal decking 1.05 (CSIRO, 1994) 
Reflective foil insulation 1.1 (CSIRO, 1994) 
Bulk insulation 1.1 (CSIRO, 1994) 
Face brickwork 1.05 (CSIRO, 1994) 
Mortar 1.3 (Wainwright and Wood, 1981) 
Damp proofing 1.05 (CSIRO, 1994) 
Flashing 1.05 (CSIRO, 1994) 
Timber exterior cladding 1.05 (CSIRO, 1994) 
Timber framing 1.02 (CSIRO, 1994) 
Insulation batts 1.1 (CSIRO, 1994) 
Gutters and downpipes 1.05 (Wainwright and Wood, 1981) 
Plasterboard 1.05 (CSIRO, 1994) 
Fibre cement 1.05 (CSIRO, 1994) 
Sheet timber (i.e. MDF) 1.05 (CSIRO, 1994) 
Steel lintels 1.02 (Fay, 1999) 
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Item Wastage Multiplier    Source 
Timber lintels 1.05 (Fay, 1999) 
Skirting 1.1 (CSIRO, 1994) 
Timber joinery 1.05 (CSIRO, 1994) 
Glass 1.03 (Wainwright and Wood, 1981) 
Architraves 1.1 (CSIRO, 1994) 
Window furniture 1.02 (Fay, 1999) 
Door and frame 1.03 (Wainwright and Wood, 1981) 
Door furniture 1.03 (Wainwright and Wood, 1981) 
Ceramic tiles 1.05 (CSIRO, 1994) 
Vinyl 1.05 (CSIRO, 1994) 
Paint 1.05 (CSIRO, 1994) 
Carpet 1.05 (Fay, 1999) 
Prefabricated joinery 1.05 (CSIRO, 1994) 
Laminate (sheet materials) 1.05 (CSIRO, 1994) 
Sink, basin, toilet, etc 1.03 (Fay, 1999) 
Tapware 1.03 (Fay, 1999) 
Stove, refrigerator, heater etc. 1 Estimated 
UPVC piping 1.05 (Wainwright and Wood, 1981) 
Copper pipe 1.05 (Wainwright and Wood, 1981) 
Electrical wiring 1.03 (Fay, 1999) 
Electrical equipment 1.03 (Fay, 1999) 
Electrical fittings 1.03 (Fay, 1999) 
Luminaires 1 (Fay, 1999) 
Granite 1.3 Estimated 
Table B1  Building material wastage multipliers
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Appendix C 
 
Hybrid Material Energy Intensities 
Table C1 lists the energy intensities (EI) used in the calculation of material embodied 
energy figures of each case study. A base material energy intensity list, containing 42 
materials, was used for each case study, with those energy intensities for any 
additional materials not contained in the base list, added to the bottom of the table. 
The calculation of the hybrid material energy intensities is described in Section 3.5.3, 
together with a description of the use of these energy intensities for calculating the 
embodied energy of the case studies. The proportion of the energy intensities made 
up of process data is given in the right hand column. 
Material Unit EI (GJ/unit) Process % 
Aluminium t 259.099 86.92 
Bitumen m3 5.645 0.00 
Brick m2 0.935 80.67 
Carpet - wool m2 0.575 37.79 
Carpet - nylon m2 1.063 75.60 
Cement t 14.537 77.11 
Concrete roof tiles m2 0.330 0.00 
Clear float glass 4mm m2 0.904 18.15 
Concrete 20MPa m3 3.970 59.89 
Concrete 25MPa m3 4.461 63.35 
Concrete 30MPa m3 5.149 65.76 
Concrete 15MPa m3 3.547 60.71 
Copper t 297.786 23.71 
Decking m2 0.543 55.48 
Decking - colourbond m2 0.591 50.97 
Fibre cement sheet 4.5mm m2 0.270 0.00 
Fibre cement sheet 6mm m2 0.360 0.00 
Fibreglass batts R2.5 m2 0.129 75.29 
Laminate m2 0.167 44.08 
MDF/particleboard m3 30.192 50.14 
Membrane m2 0.380 19.39 
Paint - oil based (two coats) m2 0.070 22.98 
Paint - water based (two coats) m2 0.068 21.14 
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Material Unit EI (GJ/unit) Process % 
Plasterboard 10mm m2 0.160 21.67 
Plasterboard 13mm m2 0.182 24.86 
Plastic t 141.792 51.88 
Polystyrene insulation 50mm m2 0.172 68.13 
Reflective foil m2 0.140 86.92 
Sand m3 0.302 0.00 
Screenings m3 0.755 0.00 
Steel t 97.458 79.03 
Steel stainless t 571.298 0.00 
Terracotta roof tile (20mm) m2 1.027 0.00 
Tile, ceramic m2 0.236 11.10 
Timber - hardwood m3 4.298 23.49 
Timber - softwood m3 5.386 41.21 
Toughened glass 6mm m2 2.048 12.01 
UPVC pipe (100 slotted) m 0.193 0.00 
UPVC pipe 100 m 0.247 0.00 
PVC water pipe (20mm) m 0.197 0.00 
PVC water pipe (25mm) m 0.281 0.00 
Vinyl flooring 2mm m2 0.584 37.81 
Additional energy intensities 
  
 
Ceramic basin no. 11.184 0.00 
Ceramic toilet suite no. 10.032 0.00 
Stove no. 12.87 0.00 
Refrigerator no. 17.157 0.00 
Air conditioner (1kW) no. 5.919 0.00 
Space heater (wall furnace, electronic, 26MJ) no. 25.392 0.00 
Hot water service, gas 170L no. 16.728 0.00 
Hot water service, gas 275L (GHWS275L) no. 20.318 0.00 
Hot water service, gas instant. 24L (GIHWS24L) no. 7.200 0.00 
Hot water service, solar 300L no. 46.151 0.00 
Stainless steel sink no. 12.817 0.00 
Water treatment system 5000L no. 97.793 0.00 
Photovoltaics no. 7.763 43.32 
Photovoltaic cell - mg silicon production m2 1.000 100.00 
Photovoltaic cell - silicon purification m2 2.200 100.00 
Photovoltaic cell - crystallisation and contouring 1 m2 1.500 100.00 
Photovoltaic cell - overhead/equipment m2 0.500 100.00 
Photovoltaic cell - cell processing m2 0.300 100.00 
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Material Unit EI (GJ/unit) Process % 
Photovoltaic module assembly m2 0.200 100.00 
Fan motor no. 3.36 0.00 
Toughened glass 12mm m2 6.283 12.01 
Concrete 32MPa m3 5.493 65.76 
Concrete 40MPa m3 6.448 62.95 
Granite t 0.087 0.00 
Hebel 200mm m2 0.969 0.00 
Fibreglass batts R1.5 m2 0.071 68.10 
Wheat straw m2 0.180256 0.00 
UPVC pipe 20 m 0.049 0.00 
UPVC pipe 25 m 0.062 0.00 
UPVC pipe 40 m 0.099 0.00 
UPVC pipe 50 m 0.124 0.00 
UPVC pipe 65 m 0.161 0.00 
UPVC pipe 80 m 0.198 0.00 
UPVC pipe 90 m 0.223 0.00 
UPVC pipe 125 m 0.309 0.00 
UPVC pipe 150 m 0.366 0.00 
Magnesium t 505.51 96.30 
Oil m3 34.00 0.00 
Source: Treloar and Crawford, 2003 
Table C1  Hybrid material energy intensities
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Appendix D 
 
Australian Input-Output Economic Sectors 
The direct energy intensities and total energy intensities of the 106 economic sectors 
of the Australian economy, compiled by Lenzen and Lundie (2002), are listed in 
Table D1. These energy intensities were used in the calculation of the initial 
IO-LCIA results as well as in the application of the PH-LCIA and IOH-LCIA 
methods (as described in Section 3.5.1 and 4.2). 





1 Sheep 2.675 8.511 
2 Grains 1.740 7.493 
3 Beef cattle 1.037 7.515 
4 Dairy cattle 2.640 11.689 
5 Pigs 0.913 7.419 
6 Poultry 2.023 9.187 
7 Other agriculture 2.829 10.184 
8 Services to agriculture; hunting and trapping 0.287 6.718 
9 Forestry and logging 5.203 12.901 
10 Commercial fishing 5.969 14.063 
11 Coal, oil and gas 8.809 15.117 
12 Iron ores 1.361 7.997 
13 Non-ferrous metal ores 6.198 17.802 
14 Other mining 4.971 11.614 
15 Services to mining 3.643 11.157 
16 Meat and meat products 1.135 11.731 
17 Dairy products 1.531 12.446 
18 Fruit and vegetable products 1.665 12.627 
19 Oils and fats 3.971 15.209 
20 Flour mill products and cereal foods 2.006 10.319 
21 Bakery products 1.717 9.661 
22 Confectionery 1.201 9.820 
23 Other food products 1.534 10.733 
24 Soft drinks, cordials and syrups 1.417 12.715 
25 Beer and malt 1.078 8.936 
26 Wine and spirits 0.620 8.115 
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27 Tobacco products 0.925 8.210 
28 Textile fibres, yarns and woven fabrics 1.135 9.676 
29 Textile products 4.028 13.429 
30 Knitting mill products 1.499 10.908 
31 Clothing 0.619 8.214 
32 Footwear 1.331 8.799 
33 Leather and leather products 0.948 11.680 
34 Sawmill products 1.551 10.103 
35 Other wood products 1.198 10.721 
36 Pulp, paper and paperboard 16.904 34.330 
37 Paper containers and products 4.758 20.462 
38 Printing and services to printing 0.139 12.667 
39 Publishing; recorded media and publishing 0.334 7.382 
40 Petroleum and coal products 10.313 25.332 
41 Basic chemicals 25.379 47.142 
42 Paints 0.346 16.663 
43 Medicinal and pharmaceutical products, pesticides 0.416 8.388 
44 Soap and detergents 0.615 18.177 
45 Cosmetics and toiletry preparations 0.490 16.590 
46 Other chemical products 0.844 17.107 
47 Rubber products 0.360 12.441 
48 Plastic products 0.719 20.116 
49 Glass and glass products 10.181 25.479 
50 Ceramic products 18.186 30.217 
51 Cement, lime and concrete slurry 12.074 26.440 
52 Plaster and other concrete products 1.428 13.186 
53 Other non-metallic mineral products 23.054 37.317 
54 Iron and steel 21.668 42.023 
55 Basic non-ferrous metal and products 24.669 52.948 
56 Structural metal products 0.582 17.364 
57 Sheet metal products 0.930 19.377 
58 Fabricated metal products 1.134 16.994 
59 Motor vehicles and parts; other transport equipment 0.631 13.373 
60 Ships and boats 0.530 14.325 
61 Railway equipment 0.541 11.655 
62 Aircraft 0.893 9.622 
63 Photographic and scientific equipment 0.363 10.483 
64 Electronic equipment 0.760 12.558 
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65 Household appliances 0.310 17.157 
66 Other electrical equipment 0.401 16.818 
67 Agricultural, mining and construction machinery 0.447 15.732 
68 Other machinery and equipment 0.257 13.032 
69 Prefabricated buildings 0.217 13.639 
70 Furniture 0.093 10.566 
71 Other manufacturing 0.106 10.619 
72 Electricity supply 119.867 135.761 
73 Gas supply 8.645 12.857 
74 Water supply; sewerage and drainage services 0.977 9.854 
75 Residential building 0.350 8.807 
76 Other construction 1.098 8.221 
77 Wholesale trade 1.047 6.285 
78 Retail trade 1.178 6.202 
79 Mechanical repairs 0.411 4.056 
80 Other repairs 1.425 7.083 
81 Accommodation, cafes and restaurants 0.691 8.412 
82 Road transport 12.467 18.356 
83 Rail, pipeline and other transport 4.110 12.894 
84 Water transport 19.334 32.191 
85 Air and space transport 13.171 21.395 
86 Services to transport; storage 0.778 5.202 
87 Communication services 0.639 5.326 
88 Banking 0.087 2.082 
89 Non-bank finance 0.051 2.425 
90 Insurance 0.020 0.979 
91 Services to finance, investment and insurance 0.001 0.442 
92 Ownership of dwellings 0.038 1.433 
93 Other property services 0.211 4.386 
94 Scientific research, technical and computer services 0.237 3.954 
95 Legal, accounting, marketing and business mngt services 0.320 4.413 
96 Other business services 0.791 7.745 
97 Government administration 0.589 5.001 
98 Defence 2.735 8.811 
99 Education 0.395 2.499 
100 Health services 0.338 2.076 
101 Community services 2.705 10.587 
102 Motion picture, radio and television services 0.136 5.127 
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103 Libraries, museums and the arts 0.062 2.356 
104 Sport, gambling and recreational services 0.201 6.217 
105 Personal services 0.259 5.848 
106 Other services 0.371 3.530 
Source: Lenzen and Lundie, 2002 
Table D1  Australian input-output economic sectors with direct energy intensity 
and total energy intensity values
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Appendix E 
 
Case Study Assumptions 
Not all of the necessary case study material quantities were available from the 
respective plans, specifications and publicly available product literature. Therefore 
assumptions had to be made regarding the measurement of material quantities for the 
buildings and building products. As stated in Section 4.2, some of these assumptions 
were general to a number of case studies, whilst others were specific to particular 
case studies. These were as follows. 
General Assumptions 
• The energy embodied in maintenance and decommissioning was ignored; 
• The conversion of material quantities to the appropriate units for the LCIA was 
based on assumed material densities (Section 3.5.2) from Ward-Harvey (1997); 
• Material thicknesses were assumed where exact measurements were unavailable 
or unobtainable, and appear in the worksheets (Appendix H) of the specific case 
studies; 
• The measured quantities of timber and glass, per square metre of window, were 
based on the total area of the windows and calculated with multiplying factors 
used by Fay (1999); 
• Steel fixings to timber were assumed to be at a rate of 0.006 t/m3 of timber; 
• Steel component of reinforced concrete assumed to be 0.1 t/m3; 
• As a material energy intensity was not available for some materials, the following 
materials/products were based on a pure I-O figure: 
 
- wheat straw walls (Case Study 1b) based on the retail price and the total 
energy intensity of the ‘other agriculture’ I-O sector; 
- water treatment system (Case Study 1b) based on the retail price and the 
total energy intensity of the ‘household appliances’ I-O sector; and 
- fan motor (Case Study 3) based on the retail price and the total energy 
intensity of the ‘other electrical equipment’ I-O sector. 
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• As a more specific material energy intensity was not available for some 
materials, the energy intensities of the following materials were used for those 
case study materials listed: 
 
- foam seal (Case Study 2 and 3), material energy intensity for ‘plastic’ 
used; 
- polyisostyrene insulation (Case Study 3), material energy intensity for 
‘fibreglass batts R2.5’ used; 
- plywood (Case Study 3 and 4), material energy intensity for 
‘timber-softwood’ used; 
- brass (Case Study 5), material energy intensity for ‘steel’ used; 
- blockwork (Case Study 5), material energy intensity for ‘concrete 
25 MPa’ used, multiplied by 0.5 to account for density; 
- mortar (Case Study 5), material energy intensity for ‘concrete 15 MPa’ 
used, based on 0.0126 m3 per square metre of wall; 
- villaboard (Case Study 5), material energy intensity for ‘fibre cement 
sheet 6 mm’ used; 
- ceiling tiles (Case Study 5), material energy intensity for ‘fibre cement 
sheet 6 mm’ used; 
- 3.2 mm low iron tempered glass (Case Study 6), material energy intensity 
for ‘clear float glass 4 mm’ used, with the embodied energy associated 
with the extra thickness assumed to account for the energy required for 
tempering; 
- black polyester powder coat (Case Study 6), material energy intensity for 
‘paint’ used and multiplied by four to account for extra thickness; 
- R1.0 grey polyester batt insulation (Case Study 6), a pro-rata figure based 
on the material energy intensity for ‘fibreglass batts R2.5’ used; 
- 60 mm non-cfc polyurethane foam insulation (Case Study 6), a pro-rata 
figure based on the material energy intensity for ‘fibreglass batts R2.5’ 
used; 
- cardboard (Case Study 8), material energy intensity for ‘timber-softwood’ 
used, based on a density of 0.25 t/m3; 
- paper (Case Study 8), material energy intensity for ‘timber-softwood’ 
used and multiplied by two; 
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- rubber seal, tube, gasket, grommet, hose, belt, pad, protector 
(Case Study 8), material energy intensity for ‘plastic’ used; and 
- masonite panel (Case Study 8), material energy intensity for ‘fibre cement 
sheet 4.5 mm’ used, with an assumed density of 0.8 t/m3. 
Specific Assumptions 
Where necessary, some specific assumptions were made for individual case studies 
when quantifying material quantities and in the application of the LCIA methods. 
These assumptions are listed below in Table E1 to E7. 
Assumptions - Ecohouse and refurbished Ecohouse case study 
The cost of the initial building was assumed to be $600/m2 (based on figures from Rawlinsons, 
1997); 
The cost of the refrigerator in the initial building was assumed to be $1000; 
The air conditioner in the initial building was assumed to be a 2 kW model; 
As the refurbished building utilised the existing plumbing and electrical cabling, it was assumed 
that there would still be some plumbing and electrical cabling required, amounting to an additional 
5% of the existing amount; 
For reasons of clarity, the embodied energy of the 150 L tank for the solar hot water system was 
assumed to be half of that of the 300 L tank used in the study by Crawford (2000); 
The embodied energy of recycled timber was assumed to be 10% of the embodied energy value for 
new timber; and 
All assumptions that were made for the individual studies of the solar hot water system 
(Case Study 6) and BiPV (Case Study 2) case studies were also applied to similar components of 
this case study. 
Table E1  Assumptions made in material quantification for Ecohouse and 
refurbished Ecohouse case studies 
Assumptions - BiPV case study 
The price of the displaced roofing materials was assumed to be $150; 
The roofing displaced by the PVs was assumed to be painted corrugated steel with reflective foil 
insulation; and 
The PV manufacturing processes reported by Alsema and Nieuwlaar (2000) were assumed to be 
sufficiently accurate for use as the basis of this study. 
Table E2  Assumptions made in material quantification for BiPV case study 
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Assumptions - BiPV HRU case study 
The price of the fan was assumed to be $320 (inclusive of fan motor $200), the ducting $150, the 
plywood and insulation $150 and the displaced roofing materials $150; 
The roofing displaced by the PVs was assumed to be painted corrugated steel with reflective foil 
insulation; and 
The PV manufacturing processes reported by Alsema and Nieuwlaar (2000) were assumed to be 
sufficiently accurate for use as the basis of this study. 
Table E3  Assumptions made in material quantification for BiPV HRU case 
study 
Assumptions - Toyota Head Office case study 
The cost of the building was assumed to be $1250/m2 (based on figures from Rawlinsons, 1997); 
Stair handrails were assumed to consist of 1 kg of steel, 1 kg of stainless steel and 0.1 m2 of paint 
per metre of handrail; 
Frameless solar double glazed windows were assumed to consist of 0.01 t of steel and aluminium 
per square metre of window area; 
Door hardware was assumed to be 0.00025 t of steel per square metre of door; 
Steel stud framing was assumed to consist of 0.005 t of steel per square metre; and 
Aluminium skirting was assumed to consist of 0.001 t of aluminium per metre of skirting. 
Table E4  Assumptions made in material quantification for Toyota Head Office 
case study 
Assumptions - Darebin Velodrome case study 
The cost of the building was assumed to be $1100/m2 (based on figures from Rawlinsons, 1997); 
The depth of bored piers was assumed to be 10 m; 
Balustrades were assumed to consist of 0.05 t of steel per metre; 
Steel ladders were assumed to have steps every 300 mm; 
Steel stud framing was assumed to consist of 0.025434 t of steel per square metre; 
Steel flashings were assumed to be 300 mm wide; 
Vinyl skirting was assumed to be 100 mm high; 
Steel ceiling suspension system was assumed to consist of 0.00314 t of steel per square metre of 
ceiling; 
Plastic spectator seats were assumed to consist of 5 kg of plastic per seat; 
Steel gates were assumed to consist of 0.2 t of steel per gate; and 
The embodied energy of the hot water system was based on the study by Crawford (2000). 
Table E5  Assumptions made in material quantification for Darebin Velodrome 
case study 
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Assumptions - Royal Domain Office Building case study 
The cost of the building was assumed to be $1600/m2 (based on figures from Rawlinsons, 1997); 
Reinforcement mesh was assumed to consist of 0.0084 t of steel per square metre; 
Toilet hand driers were assumed to consist of 2.045 kg of copper, 1 kg of stainless steel and 
10.045 kg of steel each; 
Soap dispensers were assumed to consist of 0.5 kg of stainless steel each; 
Steel fixing of precast panels to soffit was assumed to consist of 35 kg of steel per metre length; 
Steel framing for toilet partitions was assumed to consist of 2.76 kg per square metre; 
Stormwater pumps were assumed to consist of 0.0625 t of aluminium, 0.216 t of steel, 0.029 t of 
copper, 0.0153 t of stainless steel and 0.00244 t of plastic; 
Cold and hot water pumps were assumed to consist of 0.194 t of aluminium, 0.675 t of steel, 
0.090 t of copper, 0.048 t of stainless steel and 0.0076 t of plastic; 
Building maintenance unit was assumed to consist of 1.88 t of steel and 5 kg of copper; 
Paved areas were assumed to consist of 20 mm thick bitumen; 
Stone benches were assumed to consist of 1.2 t of granite each; and 
All other assumptions made in the study of the same building by Treloar (1996). 
Table E6  Assumptions made in material quantification for Royal Domain 
Office Building case study 
Assumptions - Washing Machine case study 
The enthalpy of the oil used was assumed to be 34 GJ/m3 with a density of 1.0 and a primary 
energy factor of 1.4. 
Table E7  Assumptions made in material quantification for Washing Machine 
case study 
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Appendix F 
 
Case Study 1a - Ecohouse Site Plan 
The following site plan is of the building used for the first Case Study, located at the 
corner of the St.Kilda Botanical Gardens in Melbourne, Australia (Figure F1). This 
plan was used to assist in measuring material quantities of external items (e.g. 
fences) for purpose of applying the LCIA methods. The details of the Ecohouse 
building are described in Section 4.2.1. 
 
Source: Barker, 2002 
Figure F1  Site plan of existing Ecohouse 
NB: Not to scale.
N 
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Appendix G 
 
Input-Output Sector Paths and Modified Paths 
The following tables provide a list of the top 100 paths included in each sector that 
was used for the case studies (as listed in Table 4.2, Section 4.2). All of the paths that 
























GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Residential Building    
1 0.7518 1.2492 Ceramic products    
2 0.4502 0.9857 Cement, lime and concrete slurry    
4 0.3291 0.5327 Other non-metallic mineral 
products 
   
6 0.2332 0.4523 Iron and steel    
11 0.0707 0.6329 Other wood products    
18 0.0478 0.3113 Sawmill products    
20 0.0413 0.3814 Plaster and other concrete 
products 
   
22 0.0388 0.0907 Other mining    
27 0.0281 0.8367 Structural metal products    
35 0.0193 0.2893 Fabricated metal products    
41 0.0150 0.0323 Basic non-ferrous metal and 
products 
   
43 0.0141 0.0303 Other electrical equipment Basic non-ferrous metal and 
products 
  
48 0.0129 0.0430 Textile products    
60 0.0099 0.0248 Glass and glass products    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
84 0.0066 0.1846 Plastic products    
102 0.0051 0.1069 Sheet metal products    
121 0.0040 0.0078 Other electrical equipment Iron and steel   
190 0.0023 0.1098 Paints    
1348 0.0002 0.0004 Other electrical equipment Glass and glass products   
2812 0.0001 0.0018 Other electrical equipment Plastic products   
3 0.3496 8.8073 DIRECT    
5 0.2334 0.3436 Road transport    
7 0.1961 0.3803 Structural metal products Iron and steel   
8 0.0918 0.1351 Cement, lime and concrete slurry Road transport   
9 0.0853 0.1655 Household appliances Iron and steel   
10 0.0817 0.1322 Ceramic products Other non-metallic mineral 
products 
  
12 0.0570 0.1058 Plastic products Basic chemicals   
13 0.0533 0.1144 Structural metal products Basic non-ferrous metal and 
products 
  
14 0.0531 0.1030 Fabricated metal products Iron and steel   
15 0.0521 0.1010 Iron and steel Iron and steel   
16 0.0496 0.2978 Wholesale trade    
17 0.0488 0.1069 Cement, lime and concrete slurry Cement, lime and concrete slurry   







GJ/$1k stage 1 stage 2 stage 3 stage 4 
21 0.0395 0.0865 Plaster and other concrete products Cement, lime and concrete slurry   
23 0.0380 0.0706 Paints Basic chemicals   
24 0.0341 0.0502 Plaster and other concrete products Road transport   
25 0.0319 0.0470 Sawmill products Road transport   
26 0.0317 0.0467 Ceramic products Road transport   
28 0.0273 0.0402 Other wood products Road transport   
29 0.0265 0.0619 Cement, lime and concrete slurry Other mining   
30 0.0258 0.0380 Road transport Road transport   
31 0.0236 0.0438 Other wood products Basic chemicals   
32 0.0230 0.0446 Structural metal products Structural metal products Iron and steel  
33 0.0225 0.0437 Sheet metal products Iron and steel   
34 0.0210 0.0451 Fabricated metal products Basic non-ferrous metal and 
products 
  
36 0.0192 0.0283 Wholesale trade Road transport   
37 0.0191 0.0370 Household appliances Iron and steel Iron and steel  
38 0.0168 0.0247 Other non-metallic mineral 
products 
Road transport   
39 0.0158 0.0307 Plaster and other concrete products Iron and steel   
40 0.0157 0.0291 Plastic products Basic chemicals Basic chemicals  
42 0.0150 0.0372 Sawmill products Forestry and logging   







GJ/$1k stage 1 stage 2 stage 3 stage 4 
45 0.0131 0.0281 Structural metal products Basic non-ferrous metal and 
products 
  
46 0.0130 0.0280 Sheet metal products Basic non-ferrous metal and 
products 
  
47 0.0130 0.0211 Wholesale trade Air and space transport   
49 0.0126 0.0235 Other non-metallic mineral 
products 
Basic chemicals   
50 0.0120 0.0232 Other machinery and equipment Iron and steel   
51 0.0119 0.0230 Fabricated metal products Iron and steel Iron and steel  
52 0.0116 0.0226 Iron and steel Iron and steel Iron and steel  
53 0.0116 0.2418 Other property services    
54 0.0114 0.0221 Agricultural, mining and 
construction machinery 
Iron and steel   
55 0.0105 0.0213 Other wood products Pulp, paper and paperboard   
56 0.0105 0.0194 Paints Basic chemicals Basic chemicals  
57 0.0102 0.0149 Cement, lime and concrete slurry Road transport Road transport  
58 0.0101 0.0149 Structural metal products Road transport   
59 0.0100 0.0146 Cement, lime and concrete slurry Cement, lime and concrete slurry Road transport  
61 0.0099 0.0160 Air and space transport    
62 0.0099 0.0160 Other non-metallic mineral 
products 
Other non-metallic mineral 
products 
  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
64 0.0097 0.0242 Structural metal products Glass and glass products   
65 0.0093 0.0199 Household appliances Other electrical equipment   
66 0.0092 0.0172 Fabricated metal products Basic chemicals   
67 0.0092 0.0214 Plaster and other concrete products Other mining   
68 0.0090 0.0132 Other wood products Sawmill products Road transport  
69 0.0084 0.0171 Sawmill products Pulp, paper and paperboard   
70 0.0083 0.0543 Sawmill products Sawmill products   
71 0.0080 0.0119 Plaster and other concrete products Cement, lime and concrete slurry Road transport  
73 0.0080 0.0171 Iron and steel Basic non-ferrous metal and 
products 
  
74 0.0077 0.0143 Household appliances Basic chemicals   
75 0.0076 0.0177 Other non-metallic mineral 
products 
Other mining   
76 0.0071 0.0119 Ceramic products Ceramic products   
77 0.0071 0.0151 Household appliances Basic non-ferrous metal and 
products 
  
78 0.0070 0.0104 Other mining Road transport   
79 0.0070 0.0625 Other wood products Other wood products   
80 0.0070 0.0150 Other wood products Basic non-ferrous metal and 
products 
  
81 0.0069 0.0152 Other non-metallic mineral 
products 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
82 0.0068 0.0158 Ceramic products Other mining   
83 0.0067 0.0144 Structural metal products Iron and steel   
85 0.0065 0.0121 Other wood products Basic chemicals Basic chemicals  
86 0.0063 0.0138 Ceramic products Cement, lime and concrete slurry   
87 0.0062 0.0134 Structural metal products Structural metal products   
88 0.0062 0.0115 Structural metal products Basic chemicals   
89 0.0062 0.0115 Other chemical products Basic chemicals   
90 0.0060 0.0116 Household appliances Household appliances Iron and steel  
91 0.0060 0.0111 Other electrical equipment Basic chemicals   
92 0.0059 0.0114 Structural metal products Fabricated metal products Iron and steel  
93 0.0059 0.0185 Cement, lime and concrete slurry Rail, pipeline and other transport   
94 0.0059 0.0095 Plaster and other concrete products Other non-metallic mineral 
products 
  
95 0.0058 0.0108 Basic chemicals    
96 0.0056 0.0082 Sawmill products Sawmill products Road transport  
97 0.0055 0.0089 Cement, lime and concrete slurry Other non-metallic mineral 
products 
  
98 0.0053 0.0078 Household appliances Road transport   
99 0.0053 0.0116 Cement, lime and concrete slurry Cement, lime and concrete slurry   
100 0.0052 0.0096 Ceramic products Other chemical products Basic chemicals  
Table G1  Top 100 paths of the ‘residential building’ sector, showing modified paths for Ecohouse case study 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Residential Building    
1 0.7518 1.2492 Ceramic products    
2 0.4502 0.9857 Cement, lime and concrete slurry    
4 0.3291 0.5327 Other non-metallic mineral 
products 
   
6 0.2332 0.4523 Iron and steel    
11 0.0707 0.6329 Other wood products    
18 0.0478 0.3113 Sawmill products    
20 0.0413 0.3814 Plaster and other concrete 
products 
   
22 0.0388 0.0907 Other mining    
27 0.0281 0.8367 Structural metal products    
35 0.0193 0.2893 Fabricated metal products    
41 0.0150 0.0323 Basic non-ferrous metal and 
products 
   
43 0.0141 0.0303 Other electrical equipment Basic non-ferrous metal and 
products 
  
48 0.0129 0.0430 Textile products    
60 0.0099 0.0248 Glass and glass products    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
84 0.0066 0.1846 Plastic products    
102 0.0051 0.1069 Sheet metal products    
190 0.0023 0.1098 Paints    
2812 0.0001 0.0018 Other electrical equipment Plastic products   
Table G2  Modified paths for Refurbished Ecohouse case study, from ‘residential building’ sector 
 






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Residential Building    
41 0.0150 0.0323 Basic non-ferrous metal and 
products 
   
102 0.0051 0.1069 Sheet metal products    
Table G3  Modified paths for BiPV and BiPV HRU case studies, from ‘residential building’ sector 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Other Electrical Equipment    
1 2.4305 5.2167 Basic non-ferrous metal and 
products 
   
5 0.4005 16.818 DIRECT    
73 0.0108 0.3011 Plastic products    
2 1.0299 1.9130 Basic chemicals    
3 0.6955 1.3488 Iron and steel    
4 0.5978 1.2831 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
  
6 0.2977 0.6391 Other electrical equipment Basic non-ferrous metal and 
products 
  
7 0.2833 0.5263 Basic chemicals Basic chemicals   
8 0.1611 0.4627 Basic non-ferrous metal and 
products 
Non-ferrous metal ores   
9 0.1553 0.3013 Iron and steel Iron and steel   
10 0.1470 0.3156 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
11 0.1461 0.2834 Structural metal products Iron and steel   
12 0.1450 0.2410 Ceramic products    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
14 0.1262 0.2343 Other electrical equipment Basic chemicals   
15 0.1249 0.2423 Other machinery and equipment Iron and steel   
16 0.1228 0.1808 Road transport    
17 0.0930 0.1727 Plastic products Basic chemicals   
18 0.0852 0.1652 Other electrical equipment Iron and steel   
19 0.0780 0.1448 Basic chemicals Basic chemicals Basic chemicals  
20 0.0732 0.1572 Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
21 0.0554 0.1073 Fabricated metal products Iron and steel   
22 0.0491 2.0602 Other electrical equipment    
23 0.0488 0.2931 Wholesale trade    
24 0.0397 0.0852 Structural metal products Basic non-ferrous metal and 
products 
  
25 0.0396 0.1138 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Non-ferrous metal ores  
26 0.0365 0.0783 Other electrical equipment Other electrical equipment Basic non-ferrous metal and 
products 
 
27 0.0362 0.0776 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
28 0.0347 0.0645 Other electrical equipment Basic chemicals Basic chemicals  
29 0.0347 0.0673 Iron and steel Iron and steel Iron and steel  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
31 0.0321 0.0595 Basic non-ferrous metal and 
products 
Basic chemicals   
32 0.0293 0.0841 Non-ferrous metal ores    
33 0.0283 0.0709 Glass and glass products    
34 0.0279 0.0541 Other machinery and equipment Iron and steel Iron and steel  
35 0.0256 0.0475 Plastic products Basic chemicals Basic chemicals  
36 0.0244 0.0473 Sheet metal products Iron and steel   
37 0.0237 0.0510 Iron and steel Basic non-ferrous metal and 
products 
  
38 0.0219 0.0470 Fabricated metal products Basic non-ferrous metal and 
products 
  
39 0.0214 0.0398 Basic chemicals Basic chemicals Basic chemicals Basic chemicals 
40 0.0212 0.0431 Pulp, paper and paperboard    
41 0.0209 0.6235 Structural metal products    
42 0.0201 0.3015 Fabricated metal products    
43 0.0197 0.0567 Other electrical equipment Basic non-ferrous metal and 
products 
Non-ferrous metal ores  
44 0.0190 0.0369 Other electrical equipment Iron and steel Iron and steel  
45 0.0189 0.0279 Wholesale trade Road transport   
46 0.0180 0.0387 Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
48 0.0178 0.0295 Other electrical equipment Ceramic products   
49 0.0174 0.0283 Other electrical equipment Air and space transport   
50 0.0171 0.2835 Electronic equipment    
51 0.0171 0.0332 Structural metal products Structural metal products Iron and steel  
52 0.0167 0.0309 Paints Basic chemicals   
53 0.0164 0.0318 Agricultural, mining and 
construction machinery 
Iron and steel   
54 0.0158 0.0256 Other non-metallic mineral 
products 
   
55 0.0158 0.0255 Ceramic products Other non-metallic mineral 
products 
  
56 0.0155 0.0287 Other electrical equipment Other electrical equipment Basic chemicals  
57 0.0153 0.0297 Other electrical equipment Other machinery and equipment Iron and steel  
58 0.0150 0.0222 Other electrical equipment Road transport   
59 0.0141 0.0303 Sheet metal products Basic non-ferrous metal and 
products 
  
60 0.0138 0.0322 Other mining    
61 0.0136 0.0200 Basic non-ferrous metal and 
products 
Road transport   
62 0.0136 0.0200 Road transport Road transport   
63 0.0129 0.0396 Basic non-ferrous metal and 
products 
Non-ferrous metal ores Services to mining  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
65 0.0124 0.0240 Fabricated metal products Iron and steel Iron and steel  
66 0.0119 0.1167 Other business services    
67 0.0114 0.0212 Other electrical equipment Plastic products Basic chemicals  
68 0.0114 0.5770 Other machinery and equipment    
69 0.0113 0.0166 Basic chemicals Road transport   
70 0.0112 0.0216 Other machinery and equipment Other machinery and equipment Iron and steel  
71 0.0111 0.0225 Printing and services to printing Pulp, paper and paperboard   
72 0.0109 0.0177 Air and space transport Air and space transport   
74 0.0106 0.0198 Basic non-ferrous metal and 
products 
Non-ferrous metal ores Basic chemicals  
75 0.0104 0.0202 Other electrical equipment Other electrical equipment Iron and steel  
76 0.0103 0.0171 Iron and steel Water transport   
77 0.0099 0.0826 Communication services    
78 0.0098 0.0210 Structural metal products Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
79 0.0097 0.0280 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Non-ferrous metal ores 
80 0.0096 0.0179 Fabricated metal products Basic chemicals   
81 0.0095 0.0177 Other electrical equipment Basic chemicals Basic chemicals Basic chemicals 
82 0.0094 0.0202 Other machinery and equipment Basic non-ferrous metal and 
products 
  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
84 0.0091 0.0284 Basic non-ferrous metal and 
products 
Rail, pipeline and other transport   
85 0.0090 0.0193 Other electrical equipment Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
86 0.0089 0.0191 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
87 0.0088 0.0164 Basic non-ferrous metal and 
products 
Basic chemicals Basic chemicals  
88 0.0079 0.0153 Basic non-ferrous metal and 
products 
Iron and steel   
89 0.0079 0.0146 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic chemicals  
90 0.0077 0.0150 Iron and steel Iron and steel Iron and steel Iron and steel 
91 0.0076 0.0141 Plastic products Plastic products Basic chemicals  
92 0.0076 0.0126 Basic non-ferrous metal and 
products 
Water transport   
93 0.0075 0.0111 Structural metal products Road transport   
94 0.0073 0.0141 Structural metal products Iron and steel Iron and steel Iron and steel 
95 0.0072 0.0181 Structural metal products Glass and glass products   
96 0.0071 0.0138 Other machinery and equipment Structural metal products Iron and steel  
97 0.0070 0.0131 Plastic products Basic chemicals Basic chemicals Basic chemicals 
98 0.0068 0.0132 Other electrical equipment Fabricated metal products Iron and steel  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
100 0.0066 0.0128 Other machinery and equipment Agricultural, mining and 
construction machinery 
Iron and steel  
Table G4  Top 100 paths of the ‘other electrical equipment’ sector, showing modified paths for BiPV case study 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Other Electrical Equipment    
1 2.4305 5.2167 Basic non-ferrous metal and 
products 
   
5 0.4005 16.818 DIRECT    
73 0.0108 0.3011 Plastic products    
355 0.0012 0.0107 Other wood products    
399 0.0010 0.0481 Paints    
Table G5  Modified paths for BiPV HRU case study, from ‘other electrical equipment’ sector 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Sheet Metal Products    
1 4.0833 7.9190 Iron and steel    
2 2.3611 5.0676 Basic non-ferrous metal and 
products 
   
3 0.9303 19.376 DIRECT    
4 0.9120 1.7687 Iron and steel Iron and steel   
5 0.5807 1.2465 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
  
6 0.2992 0.5558 Basic chemicals    
7 0.2348 0.3457 Road transport    
8 0.2037 0.3950 Iron and steel Iron and steel Iron and steel  
9 0.1565 0.4495 Basic non-ferrous metal and 
products 
Non-ferrous metal ores   
10 0.1428 0.3066 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
11 0.1394 0.2992 Iron and steel Basic non-ferrous metal and 
products 
  
12 0.1008 0.1955 Fabricated metal products Iron and steel   
13 0.0891 0.1447 Air and space transport    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
15 0.0823 0.1529 Basic chemicals Basic chemicals   
16 0.0718 0.1392 Sheet metal products Iron and steel   
17 0.0603 0.1004 Iron and steel Water transport   
18 0.0562 0.1089 Structural metal products Iron and steel   
19 0.0551 0.0811 Iron and steel Road transport   
20 0.0462 0.0769 Water transport    
21 0.0455 0.0882 Iron and steel Iron and steel Iron and steel Iron and steel 
22 0.0447 0.2684 Wholesale trade    
23 0.0415 0.0890 Sheet metal products Basic non-ferrous metal and 
products 
  
24 0.0399 0.0856 Fabricated metal products Basic non-ferrous metal and 
products 
  
25 0.0385 0.1106 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Non-ferrous metal ores  
26 0.0367 0.5492 Fabricated metal products    
27 0.0351 0.0754 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
28 0.0343 0.0736 Iron and steel Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
29 0.0311 0.0578 Basic non-ferrous metal and 
products 
Basic chemicals   









GJ/$1k stage 1 stage 2 stage 3 stage 4 
31 0.0303 0.0563 Paints Basic chemicals   
32 0.0285 0.0529 Iron and steel Basic chemicals   
33 0.0260 0.0382 Road transport Road transport   
34 0.0253 0.0421 Iron and steel Ceramic products   
35 0.0228 0.0423 Plastic products Basic chemicals Basic chemicals  
36 0.0226 0.0421 Basic chemicals Basic chemicals Basic chemicals  
37 0.0225 0.0437 Fabricated metal products Iron and steel Iron and steel  
38 0.0214 0.1427 Services to transport; storage    
39 0.0192 0.0373 Other machinery and equipment Iron and steel   
40 0.0190 0.1116 Iron and steel Iron ores   
41 0.0189 0.0593 Iron and steel Rail, pipeline and other transport   
42 0.0176 0.0326 Fabricated metal products Basic chemicals   
43 0.0173 0.0255 Wholesale trade Road transport   
44 0.0163 0.3405 Sheet metal products    
45 0.0160 0.0311 Sheet metal products Iron and steel Iron and steel  
46 0.0159 0.0372 Iron and steel Other mining   
47 0.0155 0.0259 Iron and steel Water transport Water transport  
48 0.0153 0.0328 Structural metal products Basic non-ferrous metal and 
products 
  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
50 0.0134 0.0287 Other electrical equipment Basic non-ferrous metal and 
products 
  
51 0.0132 0.0194 Basic non-ferrous metal and 
products 
Road transport   
52 0.0130 0.0241 Iron and steel Paints Basic chemicals  
53 0.0126 0.0275 Iron and steel Cement, lime and concrete slurry   
54 0.0126 0.0384 Basic non-ferrous metal and 
products 
Non-ferrous metal ores Services to mining  
55 0.0125 0.0243 Structural metal products Iron and steel Iron and steel  
56 0.0124 0.1216 Other business services    
57 0.0123 0.0181 Iron and steel Iron and steel Road transport  
58 0.0119 0.0198 Water transport Water transport   
59 0.0117 0.0190 Wholesale trade Air and space transport   
60 0.0115 0.1397 Accommodation, cafes and 
restaurants 
   
61 0.0103 0.0192 Basic non-ferrous metal and 
products 
Non-ferrous metal ores Basic chemicals  
62 0.0102 0.0219 Sheet metal products Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
63 0.0102 0.0197 Iron and steel Iron and steel Iron and steel Iron and steel 
64 0.0098 0.0211 Fabricated metal products Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
66 0.0095 0.0272 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Non-ferrous metal ores 
67 0.0092 0.0265 Iron and steel Basic non-ferrous metal and 
products 
Non-ferrous metal ores  
68 0.0088 0.0276 Basic non-ferrous metal and 
products 
Rail, pipeline and other transport   
69 0.0086 0.0185 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
70 0.0086 0.0159 Basic non-ferrous metal and 
products 
Basic chemicals Basic chemicals  
71 0.0084 0.0181 Iron and steel Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
72 0.0083 0.0155 Paints Basic chemicals Basic chemicals  
73 0.0080 0.2396 Structural metal products    
74 0.0078 0.0145 Iron and steel Basic chemicals Basic chemicals  
75 0.0077 0.0149 Basic non-ferrous metal and 
products 
Iron and steel   
76 0.0077 0.0142 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic chemicals  
77 0.0077 0.0164 Iron and steel Iron and steel Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
78 0.0075 0.0237 Rail, pipeline and other transport    
79 0.0074 0.0123 Basic non-ferrous metal and 
products 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
80 0.0072 0.0116 Other non-metallic mineral 
products 
   
81 0.0071 0.0217 Iron and steel Iron ores Services to mining  
82 0.0070 0.0149 Iron and steel Iron and steel Iron and steel Basic non-ferrous metal and 
products 
83 0.0068 0.0111 Air and space transport Air and space transport   
84 0.0068 0.0126 Plastic products Plastic products Basic chemicals  
85 0.0066 0.0128 Structural metal products Structural metal products Iron and steel  
86 0.0064 0.0131 Printing and services to printing Pulp, paper and paperboard   
87 0.0064 0.0118 Iron and steel Iron and steel Basic chemicals  
88 0.0063 0.0117 Rubber products Basic chemicals   
89 0.0063 0.0116 Plastic products Basic chemicals Basic chemicals Basic chemicals 
90 0.0062 0.0116 Basic chemicals Basic chemicals Basic chemicals Basic chemicals 
91 0.0061 0.0090 Iron and steel Road transport Road transport  
92 0.0061 0.0117 Fabricated metal products Structural metal products Iron and steel  
93 0.0057 0.0105 Other electrical equipment Basic chemicals   
94 0.0057 0.0094 Iron and steel Iron and steel Ceramic products  
95 0.0056 0.0120 Plastic products Basic non-ferrous metal and 
products 
  
96 0.0055 0.0089 Other business services Air and space transport   
97 0.0054 0.0118 Basic non-ferrous metal and 
products 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
98 0.0053 0.0098 Sheet metal products Basic chemicals   
99 0.0052 0.0258 Other repairs    
100 0.0052 0.0430 Communication services    
Table G6  Top 100 paths of the ‘sheet metal products’ sector, showing modified path for BiPV HRU case study 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Other Construction    
3 0.3963 0.8679 Cement, lime and concrete slurry    
11 0.0651 0.1520 Other mining    
12 0.0517 0.0859 Ceramic products    
13 0.0466 0.1167 Glass and glass products    
23 0.0275 0.4119 Fabricated metal products    
29 0.0219 0.0471 Basic non-ferrous metal and 
products 
   
30 0.0210 0.1939 Plaster and other concrete 
products 
   
35 0.0188 0.5622 Structural metal products    
54 0.0089 0.0796 Other wood products    
87 0.0047 0.0158 Textile products    
93 0.0045 0.0293 Sawmill products    
142 0.0027 0.0769 Plastic products    
147 0.0026 0.0535 Sheet metal products    
205 0.0016 0.0787 Paints    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
2 0.4762 0.9234 Iron and steel    
4 0.1747 0.2572 Road transport    
5 0.1442 0.2335 Other non-metallic mineral 
products 
   
6 0.1318 0.2555 Structural metal products Iron and steel   
7 0.1063 0.2063 Iron and steel Iron and steel   
8 0.0808 0.1189 Cement, lime and concrete slurry Road transport   
9 0.0756 0.1466 Fabricated metal products Iron and steel   
10 0.0697 0.1496 Other electrical equipment Basic non-ferrous metal and 
products 
  
14 0.0441 0.0818 Basic chemicals    
15 0.0430 0.0941 Cement, lime and concrete slurry Cement, lime and concrete slurry   
16 0.0360 0.0698 Other machinery and equipment Iron and steel   
17 0.0358 0.0768 Structural metal products Basic non-ferrous metal and 
products 
  
18 0.0358 0.2148 Wholesale trade    
19 0.0299 0.0642 Fabricated metal products Basic non-ferrous metal and 
products 
  
20 0.0295 0.0549 Other electrical equipment Basic chemicals   
21 0.0294 0.0571 Structural metal products Iron and steel Iron and steel  
22 0.0280 0.4636 Electronic equipment    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
25 0.0241 0.0468 Agricultural, mining and 
construction machinery 
Iron and steel   
26 0.0238 0.0461 Iron and steel Iron and steel Iron and steel  
27 0.0237 0.0441 Plastic products Basic chemicals   
28 0.0233 0.0545 Cement, lime and concrete slurry Other mining   
31 0.0206 0.0334 Air and space transport    
32 0.0201 0.0440 Plaster and other concrete products Cement, lime and concrete slurry   
33 0.0200 0.0387 Other electrical equipment Iron and steel   
34 0.0193 0.0285 Road transport Road transport   
36 0.0173 0.0255 Plaster and other concrete products Road transport   
37 0.0171 0.0368 Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
38 0.0169 0.0328 Fabricated metal products Iron and steel Iron and steel  
39 0.0163 0.0349 Iron and steel Basic non-ferrous metal and 
products 
  
40 0.0154 0.0299 Structural metal products Structural metal products Iron and steel  
41 0.0139 0.0270 Household appliances Iron and steel   
42 0.0139 0.0204 Wholesale trade Road transport   
43 0.0132 0.0245 Fabricated metal products Basic chemicals   
44 0.0121 0.0225 Basic chemicals Basic chemicals   
45 0.0118 0.0174 Other mining Road transport   







GJ/$1k stage 1 stage 2 stage 3 stage 4 
47 0.0113 0.0219 Sheet metal products Iron and steel   
48 0.0103 0.0200 Electronic equipment Iron and steel   
49 0.0099 0.2059 Other property services    
50 0.0099 0.0184 Other chemical products Basic chemicals   
51 0.0098 0.0210 Electronic equipment Basic non-ferrous metal and 
products 
  
52 0.0094 0.0152 Wholesale trade Air and space transport   
53 0.0089 0.0132 Cement, lime and concrete slurry Road transport Road transport  
55 0.0088 0.0189 Structural metal products Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
56 0.0088 0.0129 Cement, lime and concrete slurry Cement, lime and concrete slurry Road transport  
57 0.0085 0.0183 Other electrical equipment Other electrical equipment Basic non-ferrous metal and 
products 
 
58 0.0081 0.0151 Other electrical equipment Basic chemicals Basic chemicals  
59 0.0080 0.0156 Plaster and other concrete products Iron and steel   
60 0.0080 0.0156 Other machinery and equipment Iron and steel Iron and steel  
61 0.0080 0.0200 Glass and glass products Glass and glass products   
62 0.0075 0.0139 Paints Basic chemicals Basic chemicals  
63 0.0074 0.0158 Fabricated metal products Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
64 0.0074 0.0108 Other non-metallic mineral 
products 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
65 0.0073 0.1221 Scientific research, technical and 
computer services 
   
66 0.0070 0.0117 Iron and steel Water transport   
67 0.0068 0.0100 Structural metal products Road transport   
68 0.0068 0.0245 Other agriculture    
69 0.0066 0.0645 Other business services    
70 0.0066 0.0127 Structural metal products Iron and steel Iron and steel Iron and steel 
71 0.0065 0.0121 Plastic products Basic chemicals Basic chemicals  
72 0.0065 0.0140 Sheet metal products Basic non-ferrous metal and 
products 
  
73 0.0065 0.0163 Structural metal products Glass and glass products   
74 0.0064 0.1064 Electronic equipment Electronic equipment   
75 0.0064 0.0095 Iron and steel Road transport   
76 0.0063 0.0117 Rubber products Basic chemicals   
77 0.0058 0.0118 Printing and services to printing Pulp, paper and paperboard   
78 0.0056 0.0091 Ceramic products Other non-metallic mineral 
products 
  
79 0.0055 0.0103 Other non-metallic mineral 
products 
Basic chemicals   
80 0.0054 0.0116 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
  
81 0.0054 0.0105 Agricultural, mining and 
construction machinery 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
82 0.0054 0.0100 Electronic equipment Plastic products Basic chemicals  
83 0.0054 0.0358 Services to transport; storage    
84 0.0053 0.0103 Iron and steel Iron and steel Iron and steel Iron and steel 
85 0.0052 0.0163 Cement, lime and concrete slurry Rail, pipeline and other transport   
86 0.0048 0.0078 Cement, lime and concrete slurry Other non-metallic mineral prod.   
88 0.0047 0.0109 Plaster and other concrete products Other mining   
89 0.0047 0.0102 Cement, lime and concrete slurry Cement, lime and concrete slurry Cement, lime and concrete slurry  
90 0.0046 0.0133 Other electrical equipment Basic non-ferrous metal and 
products 
Non-ferrous metal ores  
91 0.0046 0.0143 Rail, pipeline and other transport    
92 0.0045 0.0088 Fabricated metal products Structural metal products Iron and steel  
94 0.0045 0.0097 Structural metal products Iron and steel Basic non-ferrous metal and prod.  
95 0.0045 0.0617 Legal, accounting, marketing and 
business management services 
   
96 0.0045 0.0086 Other electrical equipment Iron and steel Iron and steel  
97 0.0044 0.0071 Scientific research, technical and 
computer services 
Air and space transport   
98 0.0043 0.0429 Mechanical repairs    
99 0.0043 0.0070 Other non-metallic mineral 
products 
Other non-metallic mineral 
products 
  
100 0.0043 0.0080 Other agriculture Basic chemicals   
Table G7  Top 100 paths of the ‘other construction’ sector, showing modified paths for Toyota Head Office case study 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Other Construction    
2 0.4762 0.9234 Iron and steel    
3 0.3963 0.8679 Cement, lime and concrete slurry    
5 0.1442 0.2335 Other non-metallic mineral 
products 
   
11 0.0651 0.1520 Other mining    
12 0.0517 0.0859 Ceramic products    
13 0.0466 0.1167 Glass and glass products    
23 0.0275 0.4119 Fabricated metal products    
29 0.0219 0.0471 Basic non-ferrous metal and 
products 
   
30 0.0210 0.1939 Plaster and other concrete 
products 
   
35 0.0188 0.5622 Structural metal products    
54 0.0089 0.0796 Other wood products    
87 0.0047 0.0158 Textile products    
93 0.0045 0.0293 Sawmill products    
142 0.0027 0.0769 Plastic products    







GJ/$1k stage 1 stage 2 stage 3 stage 4 
205 0.0016 0.0787 Paints    
247 0.0013 0.0721 Household appliances    
Table G8  Modified paths for Darebin Velodrome case study, from ‘other construction’ sector 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Other Construction    
3 0.3963 0.8679 Cement, lime and concrete slurry    
5 0.1442 0.2335 Other non-metallic mineral prod.    
11 0.0651 0.1520 Other mining    
12 0.0517 0.0859 Ceramic products    
13 0.0466 0.1167 Glass and glass products    
23 0.0275 0.4119 Fabricated metal products    
29 0.0219 0.0471 Basic non-ferrous metal and 
products 
   
30 0.0210 0.1939 Plaster and other concrete prod.    
35 0.0188 0.5622 Structural metal products    
54 0.0089 0.0796 Other wood products    
87 0.0047 0.0158 Textile products    
93 0.0045 0.0293 Sawmill products    
142 0.0027 0.0769 Plastic products    
147 0.0026 0.0535 Sheet metal products    
205 0.0016 0.0787 Paints    
Table G9  Modified paths for Royal Domain Office Building case study, from ‘other construction’ sector 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Household Appliances    
1 3.3137 6.4265 Iron and steel    
6 0.2740 0.5880 Basic non-ferrous metal and 
products 
   
11 0.1225 0.3067 Glass and glass products    
36 0.0287 0.0464 Other non-metallic mineral 
products 
   
75 0.0139 0.3880 Plastic products    
173 0.0037 0.1764 Paints    
2 0.7401 1.4354 Iron and steel Iron and steel   
3 0.3601 0.7730 Other electrical equipment Basic non-ferrous metal and 
products 
  
4 0.3102 17.157 DIRECT    
5 0.2997 0.5568 Basic chemicals    
7 0.2327 0.4513 Household appliances Iron and steel   
8 0.2057 0.3029 Road transport    
9 0.1653 0.3206 Iron and steel Iron and steel Iron and steel  
10 0.1526 0.2835 Other electrical equipment Basic chemicals   







GJ/$1k stage 1 stage 2 stage 3 stage 4 
13 0.1198 0.2323 Sheet metal products Iron and steel   
14 0.1131 0.2428 Iron and steel Basic non-ferrous metal and 
products 
  
15 0.1126 0.1829 Air and space transport    
16 0.1031 0.1999 Other electrical equipment Iron and steel   
17 0.0982 0.5895 Wholesale trade    
18 0.0886 0.1901 Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
19 0.0825 0.1532 Basic chemicals Basic chemicals   
20 0.0693 0.1486 Sheet metal products Basic non-ferrous metal and 
products 
  
21 0.0674 0.1446 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
  
22 0.0610 0.1134 Paints Basic chemicals   
23 0.0594 2.4920 Other electrical equipment    
24 0.0520 0.1008 Household appliances Iron and steel Iron and steel  
25 0.0489 0.0814 Iron and steel Water transport   
26 0.0465 0.0901 Other machinery and equipment Iron and steel   
27 0.0447 0.0659 Iron and steel Road transport   
28 0.0441 0.0947 Other electrical equipment Other electrical equipment Basic non-ferrous metal and 
products 
 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
30 0.0410 0.0795 Fabricated metal products Iron and steel   
31 0.0381 0.0560 Wholesale trade Road transport   
32 0.0369 0.0716 Iron and steel Iron and steel Iron and steel Iron and steel 
33 0.0330 0.0612 Plastic products Basic chemicals Basic chemicals  
34 0.0305 0.1310 Paper containers and products    
35 0.0289 0.0587 Paper containers and products Pulp, paper and paperboard   
37 0.0278 0.0597 Iron and steel Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
38 0.0273 0.5684 Sheet metal products    
39 0.0268 0.0519 Sheet metal products Iron and steel Iron and steel  
40 0.0257 0.0418 Wholesale trade Air and space transport   
41 0.0253 0.0543 Household appliances Other electrical equipment Basic non-ferrous metal and 
products 
 
42 0.0253 0.0542 Iron and steel Iron and steel Basic non-ferrous metal and 
products 
 
43 0.0239 0.0686 Other electrical equipment Basic non-ferrous metal and 
products 
Non-ferrous metal ores  
44 0.0231 0.0429 Iron and steel Basic chemicals   
45 0.0230 0.0446 Other electrical equipment Iron and steel Iron and steel  
46 0.0228 0.0335 Road transport Road transport   







GJ/$1k stage 1 stage 2 stage 3 stage 4 
48 0.0218 0.0468 Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
49 0.0218 1.2048 Household appliances    
50 0.0217 0.0420 Other electrical equipment Structural metal products Iron and steel  
51 0.0215 0.0357 Other electrical equipment Ceramic products   
52 0.0211 0.0342 Other electrical equipment Air and space transport   
53 0.0210 0.0391 Household appliances Basic chemicals   
54 0.0210 0.0525 Glass and glass products Glass and glass products   
55 0.0206 0.0341 Iron and steel Ceramic products   
56 0.0192 0.0413 Household appliances Basic non-ferrous metal and 
products 
  
57 0.0187 0.0347 Other electrical equipment Other electrical equipment Basic chemicals  
58 0.0185 0.0359 Other electrical equipment Other machinery and equipment Iron and steel  
59 0.0182 0.0268 Other electrical equipment Road transport   
60 0.0182 0.0522 Basic non-ferrous metal and 
products 
Non-ferrous metal ores   
61 0.0180 0.1763 Other business services    
62 0.0177 0.0294 Ceramic products    
63 0.0170 0.0366 Sheet metal products Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
64 0.0168 0.0312 Paints Basic chemicals Basic chemicals  







GJ/$1k stage 1 stage 2 stage 3 stage 4 
66 0.0166 0.0356 Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 
 
67 0.0163 0.0317 Household appliances Household appliances Iron and steel  
68 0.0162 0.0348 Fabricated metal products Basic non-ferrous metal and 
products 
  
69 0.0156 0.2575 Electronic equipment    
70 0.0154 0.0906 Iron and steel Iron ores   
71 0.0153 0.0481 Iron and steel Rail, pipeline and other transport   
72 0.0152 0.0294 Motor vehicles and parts; other 
transport equipment 
Iron and steel   
73 0.0149 0.2232 Fabricated metal products    
74 0.0144 0.0213 Household appliances Road transport   
76 0.0138 0.0256 Other electrical equipment Plastic products Basic chemicals  
77 0.0129 0.0302 Iron and steel Other mining   
78 0.0126 0.0245 Other electrical equipment Other electrical equipment Iron and steel  
79 0.0126 0.0210 Iron and steel Water transport Water transport  
80 0.0116 0.0225 Household appliances Iron and steel Iron and steel Iron and steel 
81 0.0116 0.0215 Other electrical equipment Basic chemicals Basic chemicals Basic chemicals 
82 0.0109 0.0182 Iron and steel Iron and steel Water transport  
83 0.0109 0.0233 Other electrical equipment Other electrical equipment Basic non-ferrous metal and 
products 
Basic non-ferrous metal and 
products 







GJ/$1k stage 1 stage 2 stage 3 stage 4 
85 0.0105 0.0196 Iron and steel Paints Basic chemicals  
86 0.0104 0.0201 Other machinery and equipment Iron and steel Iron and steel  
87 0.0102 0.0199 Structural metal products Iron and steel   
88 0.0102 0.0223 Iron and steel Cement, lime and concrete slurry   
89 0.0100 0.0186 Glass and glass products Basic chemicals   
90 0.0100 0.0147 Iron and steel Iron and steel Road transport  
91 0.0098 0.0182 Plastic products Plastic products Basic chemicals  
92 0.0092 0.0178 Fabricated metal products Iron and steel Iron and steel  
93 0.0091 0.0168 Plastic products Basic chemicals Basic chemicals Basic chemicals 
94 0.0088 0.0163 Sheet metal products Basic chemicals   
95 0.0086 0.0140 Air and space transport Air and space transport   
96 0.0086 0.0215 Household appliances Glass and glass products   
97 0.0086 0.0175 Printing and services to printing Pulp, paper and paperboard   
98 0.0086 0.0715 Communication services    
99 0.0085 0.0165 Agricultural, mining and 
construction machinery 
Iron and steel   
100 0.0084 0.0156 Household appliances Plastic products Basic chemicals  
Table G10  Top 100 paths of the ‘household appliances’ sector, showing modified paths for Solar Hot Water System case study 
  






GJ/$1k stage 1 stage 2 stage 3 stage 4 
Sector: Household Appliances    
1 3.3137 6.4265 Iron and steel    
3 0.3601 0.7730 Other electrical equipment Basic non-ferrous metal and 
products 
  
6 0.2740 0.5880 Basic non-ferrous metal and 
products 
   
13 0.1198 0.2323 Sheet metal products Iron and steel   
16 0.1031 0.1999 Other electrical equipment Iron and steel   
20 0.0693 0.1486 Sheet metal products Basic non-ferrous met. & prod.   
30 0.0410 0.0795 Fabricated metal products Iron and steel   
35 0.0289 0.0587 Paper containers and products Pulp, paper and paperboard   
36 0.0287 0.0464 Other non-metallic mineral 
products 
   
68 0.0162 0.0348 Fabricated metal products Basic non-ferrous met. & prod.   
75 0.0139 0.3880 Plastic products    
97 0.0086 0.0175 Printing and services to printing Pulp, paper and paperboard   
128 0.0057 0.0111 Electronic equipment Iron and steel   
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279 0.0020 0.0686 Rubber products    
332 0.0016 0.0446 Other electrical equipment Plastic products   
808 0.0003 0.0097 Electronic equipment Plastic products   
Table G11  Modified paths for Washing Machine case study, from ‘household appliances’ sector 
Appendix H                                                   Using Input-Output Data in Life Cycle Inventory Analysis 
__________________________________________________________________________________
Robert H. Crawford February 2004 203 
Appendix H 
 
Case Study Embodied Energy Worksheets 
The following worksheets were used to collate and calculate the P-LCIA and 
PH-LCIA embodied energy values for each of the case studies (as shown in 
Section 5.3 and 5.4). The case study buildings and building products are broken 
down into the items and elements of their construction. These items and elements are 
then multiplied by the respective energy intensities in order to obtain the embodied 
energy values for these individual items and elements. 
The assumptions that were made during the collection and derivation of material 
quantities, for example the thickness of materials (as mentioned in Section 4.2), are 














Case Study 1a: Ecohouse 
 






EE (GJ) Assumptions/Notes 
Substructure        
stumps concrete 30MPa 0.16 1.05 0.2 m3 0.87  
strip/pad footings concrete 30MPa 9.65 1.05 10.1 m3 52.17  
reinforcement steel 0.78 1.05 0.8 t 80.29 100 kg/m3 concrete 
fixings steel 0.01 1.10 0.0 t 0.78 4 kg/m3 
ant caps steel 0.00 1.10 0.0 t 0.01  
bearers timber - hardwood 0.81 1.05 0.8 m3 3.65  
joists timber - hardwood 1.01 1.05 1.1 m3 4.57  
Upper floors        
flooring timber - hardwood 1.93 1.05 2.0 m3 8.73  
fixings steel 0.01 1.03 0.0 t 0.78  
ceiling lining plasterboard 13mm 125.72 1.10 138.3 m2 25.12  
Staircases        
stairs concrete 30MPa 0.12 1.05 0.1 m3 0.65  
reinforcement steel 0.01 1.05 0.0 t 0.98 100 kg/m3 concrete 
Roof        
70x45 HW trusses timber - hardwood 1.52 1.05 1.6 m3 6.88  
35x35 graded battens timber - hardwood 0.66 1.05 0.7 m3 2.98  
bracing timber - softwood 0.04 1.05 0.0 m3 0.22  
fixings steel 0.01 1.10 0.0 t 1.08 4 kg/m3 
roof tiles concrete roof tiles 176.44 1.05 185.3 m2 61.07  
gutters steel 0.05 1.10 0.1 t 5.52  
downpipes steel 0.02 1.05 0.0 t 1.82  
insulation fibreglass batts R2.5 89.15 1.10 98.1 m2 12.63  
sarking reflective foil 176.44 1.10 194.1 m2 27.25  
ceiling battens timber - hardwood 0.32 1.05 0.3 m3 1.46  
eaves lining fc sheet 6mm 52.38 1.10 57.6 m2 20.77  
External walls        
exterior cladding brick 121.83 1.05 127.9 m2 119.56  
mortar concrete 15MPa 2.44 1.30 3.2 m3 11.23  
damp proof course reflective foil 13.20 1.05 13.9 m2 1.95  






EE (GJ) Assumptions/Notes 
fixings steel 0.00 1.10 0.0 t 0.30 6 kg/m2 
ties steel 0.01 1.10 0.0 t 0.68 13 g/m2 
reflective insulation reflective foil 81.82 1.10 90.0 m2 12.64  
lintels timber - hardwood 0.28 1.05 0.3 m3 1.27  
posts steel 0.05 1.02 0.1 t 5.06  
cladding timber - hardwood 0.18 1.05 0.2 m3 0.81  
fascia timber - hardwood 0.11 1.05 0.1 m3 0.49  
 paint - water based 4.35 1.10 4.8 m2 0.33  
Windows        
3930x1600 timber - hardwood 0.88 1.03 0.9 m3 3.90 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 4.51 1.03 4.6 m2 4.20 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.09  
1900x1600 timber - hardwood 0.43 1.03 0.4 m3 1.88 figures from Fay (1999), assumed rate/m2 of window 
glazing toughened glass 6mm 2.18 1.03 2.2 m2 4.60 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.06  
1880x1000 timber - hardwood 0.26 1.03 0.3 m3 1.17 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 1.35 1.03 1.4 m2 1.25 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.05  
1900x1600 timber - hardwood 0.43 1.03 0.4 m3 1.88 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 2.18 1.03 2.2 m2 2.03 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.06  
1870x2100 timber - hardwood 0.55 1.03 0.6 m3 2.43 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 2.82 1.03 2.9 m2 2.62 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.06  
500x2660 timber - hardwood 0.19 1.03 0.2 m3 0.82 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 0.95 1.03 1.0 m2 0.89 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.05  
1050x960 timber - hardwood 0.14 1.03 0.1 m3 0.62 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 0.72 1.03 0.7 m2 0.67 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.03  
900x1050 timber - hardwood 0.13 1.03 0.1 m3 0.59 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 0.68 1.03 0.7 m2 0.63 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.03  






EE (GJ) Assumptions/Notes 
1900x1050 timber - hardwood 0.28 1.03 0.3 m3 1.24 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 1.43 1.03 1.5 m2 1.33 figures from Fay (1999), assumed rate/m2 of window 
67 mm architrave timber - softwood 0.01 1.10 0.0 m3 0.05  
window furniture steel 0.00 1.03 0.0 t 0.28 250 g/m2 
window and architrave paint - water based 10.58 1.10 11.6 m2 0.79  
Internal walls        
framing timber - softwood 1.49 1.05 1.6 m3 8.45  
fixings steel 0.01 1.10 0.0 t 0.96  
wall lining plasterboard 10mm 277.63 1.10 305.4 m2 48.95  
67 mm skirting timber - softwood 0.14 1.15 0.2 m3 0.88  
67 mm cornice timber - softwood 0.18 1.15 0.2 m3 1.10  
Doors        
hollow core doors (incl. frames) timber - hardwood 0.98 1.03 1.0 m3 4.33  
67 mm architrave timber - softwood 0.24 1.15 0.3 m3 1.47  
door furniture steel 0.02 1.03 0.0 t 1.71  
door architrave finish paint - water based 11.85 1.10 13.0 m2 0.89  
door finish paint - water based 50.40 1.10 55.4 m2 3.77  
Wall finishes        
wet areas tile, ceramic 2.00 1.05 2.1 m2 0.50  
ext wall paint paint - water based 8.93 1.10 9.8 m2 0.67  
internal wall paint paint - water based 277.63 1.10 305.4 m2 20.76  
Floor finishes        
floor vinyl flooring 2mm 19.93 1.05 20.9 m2 12.21  
 carpet - wool 72.34 1.05 76.0 m2 43.68  
Ceiling finishes        
ground floor ceiling finish paint - water based 92.24 1.10 101.5 m2 6.90  
carport ceiling paint - water based 33.48 1.10 36.8 m2 2.50  
Fitments        
wardrobes MDF/particleboard 0.11 1.03 0.1 m3 3.34  
 laminate 13.44 1.05 14.1 m2 2.36  
 steel 0.00 1.02 0.0 t 0.00  
kitchen cupboards MDF/particleboard 0.26 1.03 0.3 m3 8.19  
 laminate 16.47 1.05 17.3 m2 2.89  






EE (GJ) Assumptions/Notes 
 steel 0.00 1.02 0.0 t 0.01  
shelves timber - softwood 0.06 1.03 0.1 m3 0.32  
meeting cupboard timber - softwood 0.09 1.03 0.1 m3 0.48  
 paint - water based 9.00 1.10 9.9 m2 0.67  
Sanitary fixtures        
laundry trough cabinet steel 0.01 1.03 0.0 t 1.00  
 steel stainless 0.01 1.03 0.0 t 2.94  
kitchen sink steel stainless 0.01 1.03 0.0 t 2.94  
toilet ceramic toilet suite 2.00 1.00 2.0 no. 20.06  
 plastic 0.02 1.03 0.0 t 2.19  
 steel 0.01 1.03 0.0 t 1.00  
hand basin ceramic basin 2.00 1.00 2.0 no. 22.37  
tap ware steel 0.00 1.03 0.0 t 0.00  
Appliances        
stove stove 1.00 1.00 1.0 no. 12.87  
refrigerator refrigerator 1.00 1.00 1.0 no. 17.16 $1000 
air conditioner air conditioner 2.00 1.00 2.0 no. 11.84 2 kW 
space heater space heater 1.00 1.00 1.0 no. 25.39  
hot water service, gas hot water service, gas 1.00 1.00 1.0 no. 16.73 170 L 
Plumbing        
waste UPVC pipe 100 30.00 1.05 31.5 m 7.79  
hot/cold copper 0.08 1.05 0.1 t 23.79  
stormwater UPVC pipe 100 51.00 1.05 53.6 m 13.25  
 sand 1.28 1.10 1.4 m3 0.43  
 screenings 1.53 1.30 2.0 m3 1.50  
gas pipe copper 0.03 1.05 0.0 t 8.18  
Electrical        
wiring plastic 0.05 1.03 0.1 t 7.29  
 copper 0.02 1.03 0.0 t 5.87  
switchboard steel 0.00 1.03 0.0 t 0.40  
 copper 0.00 1.03 0.0 t 0.31  
 plastic 0.00 1.03 0.0 t 0.29  
light fittings plastic 0.01 1.00 0.0 t 1.21  






EE (GJ) Assumptions/Notes 
 steel 0.01 1.00 0.0 t 0.83  
 toughened glass 6mm 0.28 1.00 0.3 m2 0.58  
 copper 0.00 1.00 0.0 t 0.51  
power outlets plastic 0.00 1.03 0.0 t 0.26 100 g/unit 
 steel 0.00 1.03 0.0 t 0.18  
 copper 0.00 1.03 0.0 t 0.55  
exhaust fans plastic 0.00 1.00 0.0 t 0.23  
 steel 0.00 1.00 0.0 t 0.07  
 copper 0.00 1.00 0.0 t 0.07  
 aluminium 0.00 1.00 0.0 t 0.07  
20 ø conduit UPVC pipe 20 9.00 1.05 9.5 m 0.47  
Paving        
driveway  concrete 20MPa 4.72 1.05 5.0 m3 19.66  
reinforcement steel 0.38 1.05 0.4 t 38.61 100 kg/m3 concrete 
 sand 0.24 1.10 0.3 m3 0.08  
carport floor concrete 20MPa 2.84 1.05 3.0 m3 11.85  
reinforcement steel 0.23 1.05 0.2 t 23.28 100 kg/m3 concrete 
 sand 0.14 1.10 0.2 m3 0.05  
Fences        
brick fence brick 58.92 1.10 64.8 m2 60.58  
mortar concrete 15MPa 1.18 1.30 1.5 m3 5.43  
1.8m paling fence timber - softwood 5.32 1.05 5.6 m3 30.09  
 concrete 20MPa 0.68 1.15 0.8 m3 3.08  
gate steel 1.71 1.02 1.7 t 170.05  
 paint - water based 1.82 1.10 2.0 m2 0.14  
External structures        
posts and rails timber - hardwood 0.06 1.05 0.1 m3 0.29  
fixings steel 0.00 1.02 0.0 t 0.04 6 kg/m3 
deck timber - hardwood 0.28 1.05 0.3 m3 1.27  
front patio concrete 30MPa 5.00 1.05 5.3 m3 27.03  
reinforcement steel 0.40 1.05 0.4 t 40.93 100 kg/m3 concrete 
 timber - hardwood 0.07 1.05 0.1 m3 0.32  
fixings steel 0.00 1.02 0.0 t 0.04 6 kg/m3 






EE (GJ) Assumptions/Notes 
 paint - water based 5.44 1.10 6.0 m2 0.41  
post shoes steel 0.00 1.02 0.0 t 0.30  
        
        
Direct energy (at 0.21 GJ/m2)    22.87 GJ  
Initial Embodied Energy (excluding direct energy)   1331 GJ  
Initial Embodied Energy (including direct energy)   1354 GJ  
Table H1  Embodied energy worksheet for Ecohouse case study 


















Case Study 1b: Refurbished Ecohouse 
 






EE (GJ) Assumptions/Notes 
Windows        
glazing clear float glass 4mm 28.65 1.03 29.5 m2 26.7 figures from Fay (1999), assumed rate/m2 of window 
beading timber - hardwood 0.009 1.03 0.0 m3 0.0  
SHS posts steel 0.05 1.02 0.1 t 5.1  
fixings steel 0.00 1.02 0.0 t 0.0 6 kg/m3 
1000x900 timber - hardwood 0.13 1.03 0.1 m3 0.6 double glazed 
glazing clear float glass 4mm 1.29 1.03 1.3 m2 1.2 figures from Fay (1999), assumed rate/m2 of window 
1200x900 timber - hardwood 0.60 1.03 0.6 m3 2.7 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 12.39 1.03 12.8 m2 11.5 figures from Fay (1999), assumed rate/m2 of window 
2300x550 timber - hardwood 0.35 1.03 0.4 m3 1.6 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 3.63 1.03 3.7 m2 3.4 figures from Fay (1999), assumed rate/m2 of window 
2300x700 timber - hardwood 0.45 1.03 0.5 m3 2.0 figures from Fay (1999), assumed rate/m2 of window 
glazing clear float glass 4mm 4.62 1.03 4.8 m2 4.3 figures from Fay (1999), assumed rate/m2 of window 
window furniture steel 0.00 1.03 0.0 t 0.1 250 g/m2 
window and architrave paint - water based 10.58 1.10 11.6 m2 0.8 assumed same as existing 
Substructure        
stumps concrete 30MPa 0.11 1.05 0.1 m3 0.6  
strip/pad footings concrete 30MPa 1.19 1.05 1.2 m3 6.4  
fixings steel 0.00 1.10 0.0 t 0.3 4 kg/m3 
reinforcement steel 0.10 1.05 0.1 t 10.6 100 kg/m3 concrete 
ant caps steel 0.00 1.10 0.0 t 0.2  
bearers timber - hardwood 0.44 1.05 0.5 m3 2.0  
joists timber - hardwood 0.26 1.05 0.3 m3 1.2  
Upper floors        
flooring timber - hardwood 0.46 1.05 0.5 m3 2.1  
fixings steel 0.00 1.03 0.0 t 0.2 4 kg/m3 
screed concrete 15MPa 1.44 1.05 1.5 m3 5.4  
plastic sheet membrane 28.80 1.10 31.7 m2 12.0  
insulation fibreglass batts R2.5 123.20 1.10 135.5 m2 17.5  
timber ramp timber - hardwood 0.02 1.05 0.0 m3 0.1  






EE (GJ) Assumptions/Notes 
Roof        
gutters steel 0.05 1.10 0.1 t 5.5  
downpipes steel 0.02 1.05 0.0 t 1.8  
insulation fibreglass batts R2.5 24.00 1.10 26.4 m2 3.4  
External walls        
exterior cladding timber - hardwood 0.77 1.03 0.8 m3 3.4  
fixings steel 0.00 1.10 0.0 t 0.3 4 kg/m3 
insulation fibreglass batts R2.5 23.52 1.10 25.9 m2 3.3  
wall framing timber - softwood 0.26 1.05 0.3 m3 1.5  
mortar concrete 15MPa 0.51 1.30 0.7 m3 2.4  
damp proof course reflective foil 4.02 1.05 4.2 m2 0.6  
reflective insulation reflective foil 23.52 1.10 25.9 m2 3.6  
exterior cladding finish paint - oil based 25.52 1.10 28.1 m2 2.0 used paint figure for grimes oil acrylic 
Internal walls        
walls wheat straw 51.00 1.03 52.5 m2 9.5 based on retail price of $17.70/m2 
 timber - softwood 0.03 1.05 0.0 m3 0.1 recycled paper liner - 0.5 mm thick (58 mm thick walls) 
fixings steel 0.02 1.10 0.0 t 1.9 6 kg/m3 
fridge insulation fibreglass batts R2.5 2.10 1.10 2.3 m2 0.3  
Doors        
2300x800 timber - hardwood 0.2576 1.03 0.3 m3 1.1 double glazed 
glazing clear float glass 4mm 2.64 1.03 2.7 m2 2.5  
2100x800 timber - hardwood 0.24 1.03 0.2 m3 1.0  
glazing clear float glass 4mm 2.41 1.03 2.5 m2 2.2  
2100x900 timber - hardwood 0.53 1.03 0.5 m3 2.3  
glazing clear float glass 4mm 5.42 1.03 5.6 m2 5.0  
door furniture steel 0.00 1.03 0.0 t 0.4  
door architrave paint - water based 4.88 1.10 5.4 m2 0.4 repaint existing architraves 
door finish paint - water based 23.52 1.10 25.9 m2 1.8 repaint existing doors 
Wall finishes        
wet areas tile, ceramic 5.03 1.05 5.3 m2 1.2  
internal wall paint paint - water based 305.98 1.10 336.6 m2 22.9 wall area x 2 sides x 6 coats (i.e. 3 x paint figure) 
marmoleum vinyl flooring 2mm 14.72 1.05 15.5 m2 9.0  
 membrane 14.72 1.05 15.5 m2 5.9  






EE (GJ) Assumptions/Notes 
Floor finishes        
carpet carpet - wool 47.36 1.05 49.7 m2 28.6  
marmoleum vinyl flooring 2mm 4.94 1.05 5.2 m2 3.0  
 membrane 4.94 1.05 5.2 m2 2.0  
timber floor polish paint - oil based 90.09 1.10 99.1 m2 6.9 used paint figure for organoil 
Ceiling finishes        
ground floor ceiling finish paint - water based 116.24 1.10 127.9 m2 8.7  
Fitments        
storage cabinet timber - softwood 0.26 1.03 0.3 m3 1.5  
 fc sheet 6mm 22.50 1.10 24.8 m2 8.9  
kitchen bench MDF/particleboard 0.04 1.03 0.0 m3 1.4  
 laminate 1.45 1.05 1.5 m2 0.3  
cold storage timber - softwood 0.04 1.03 0.0 m3 0.2  
office bench MDF/particleboard 0.24 1.03 0.2 m3 7.5  
 laminate 12.64 1.05 13.3 m2 2.2  
Appliances        
refrigerator refrigerator 1.00 1.00 1.0 no. 17.2  
Plumbing        
waste UPVC pipe 100 1.50 1.05 1.6 m 0.4 estimate of new materials required 5% existing 
hot/cold copper 0.00 1.05 0.0 t 1.2 estimate of new materials required 5% existing 
stormwater UPVC pipe 100 2.55 1.05 2.7 m 0.7 estimate of new materials required 5% existing 
 sand 0.06 1.10 0.1 m3 0.0 estimate of new materials required 5% existing 
 screenings 0.08 1.30 0.1 m3 0.1 estimate of new materials required 5% existing 
gas pipe copper 0.00 1.05 0.0 t 0.4 estimate of new materials required 5% existing 
Electrical        
wiring plastic 0.00 1.03 0.0 t 0.4 estimate of new materials required 5% existing 
 copper 0.00 1.03 0.0 t 0.3 estimate of new materials required 5% existing 
Paving        
ramp/path screenings 4.04 1.30 5.3 m3 4.0 crushed gravel and fines, assumed 40 mm deep 
 sand 4.04 1.10 4.4 m3 1.3 assumed 40 mm deep bedding 
stone steps granite 4.30 1.05 4.5 t 0.4  
Fences        
plywood edging timber - softwood 0.03 1.05 0.0 m3 0.2  






EE (GJ) Assumptions/Notes 
post support concrete 20MPa 0.34 1.15 0.4 m3 1.6  
gate steel 1.71 1.02 1.7 t 170.1 assumed same as existing gate 
 paint - water based 1.82 1.10 2.0 m2 0.1 assumed same as existing gate 
External structures        
posts and rails timber - hardwood 0.04 1.05 0.0 m3 0.2 10% of timber value as recycled 
deck timber - hardwood 0.07 1.05 0.1 m3 0.3 10% of timber value as recycled 
pad footings concrete 20MPa 0.86 1.05 0.9 m3 3.6  
stumps concrete 30MPa 0.10 1.05 0.1 m3 0.5  
sub floor framing timber - hardwood 0.28 1.05 0.3 m3 1.2  
fixings steel 0.00 1.02 0.0 t 0.2 4 kg/m3 
deck finish paint - water based 46.15 1.10 50.8 m2 3.5 deck, posts and rails 
front pergola timber - hardwood 1.29 1.05 1.4 m3 5.8  
pad footings concrete 20MPa 0.30 1.15 0.3 m3 1.4  
fixings steel 0.01 1.02 0.0 t 0.5 4 kg/m3 
front pergola finish paint - water based 93.21 1.10 102.5 m2 7.0  
post shoes steel 0.01 1.02 0.0 t 1.0  
water tanks concrete 20MPa 10.37 1.05 10.9 m3 43.2  
 sand 4.00 1.10 4.4 m3 1.3 assume sand is equivalent to half outside area of tanks 
reinforcement steel 0.83 1.05 0.9 t 84.9 100 kg/m3 concrete 
screed concrete 15MPa 1.11 1.05 1.2 m3 4.1  
water treatment water treatment 1.00 1.00 1.0 no. 97.8 worm farm and grey water system, ($4200 and $1500) 
screen fence timber - hardwood 0.02 1.05 0.0 m3 0.1 assume recycled timber 1.6 m high 
post support concrete 20MPa 0.06 1.15 0.1 m3 0.3  
garbage area       pc item not included 
Additional items        
photovoltaics photovoltaics 18.00 1.00 18.0 no. 139.7  
SHS steel 0.02 1.02 0.0 t 1.6 1mm thick, 50mm2 x 0.5 (recycled) (Tucker et. al., 1994) 
steel rods steel 0.02 1.02 0.0 t 2.1 x 50% as recycled (Tucker et. al., 1994) 
fixings steel 0.00 1.02 0.0 t 0.0 6 kg/m3 
hot water service hot water service, solar 1.00 1.00 1.0 no. 46.2 based on Crawford (2000) assuming 1/2 EE of 302J tank 
SHS steel 0.01 1.02 0.0 t 0.9 assumed 1 mm thick, 50 mm2 
fixings steel 0.00 1.02 0.0 t 0.0 6 kg/m3 
signboard MDF/particleboard 0.02 1.03 0.0 m3 0.6  






EE (GJ) Assumptions/Notes 
 paint - water based 7.20 1.10 7.9 m2 0.5 4 coats 
insulation fibreglass batts R2.5 3.60 1.10 4.0 m2 0.5  
air heaters       pc item not included 
solar tubes aluminium 0.01 1.05 0.0 t 2.4 assumed 1 mm thick aluminium, assumed al. = 2.71 t/m3 
 plastic 0.00 1.03 0.0 t 0.1 2 mm thick acrylic dome, assumed plastic = 1 t/m3 
fly screens plastic 0.01 1.03 0.0 t 1.9 polyethylene, assumed 1 mm thick 
 plastic 0.01 1.03 0.0 t 1.9 PVC, assumed 1 mm thick 
 aluminium 0.01 1.05 0.0 t 2.4 metallized sheet, assumed 0.25 mm thick 
        
        
Direct energy (at 0.648 GJ/m2)     88 GJ  
Initial Embodied Energy (excluding direct energy)    941 GJ  
Initial Embodied Energy (including direct energy)   1029 GJ  
Table H2  Embodied energy worksheet for refurbished Ecohouse case study 













Case Study 2: BiPV 
 






EE (GJ) Assumptions/Notes 
c-Si PV        
frame aluminium 0.0 1.05 0.00214 t 0.6 assumed 2 mm thick 
 plastic 0.0 1.00 0.00013 t 0.019 assumed 20 mm wide, 2 mm thick, used plastic EI (foam) 
module mg silicon production 0.62964 1.00 0.62964 m2 0.6 based on figures from Alsema and Nieuwlaar (2000) 
 silicon purification 0.62964 1.00 0.62964 m2 1.4 based on figures from Alsema and Nieuwlaar (2000) 
 crystallisation/contouring 0.62964 1.00 0.62964 m2 0.9 based on figures from Alsema and Nieuwlaar (2000) 
 overhead/equipment 0.62964 1.00 0.62964 m2 0.3 based on figures from Alsema and Nieuwlaar (2000) 
 cell processing 0.62964 1.00 0.62964 m2 0.2 based on figures from Alsema and Nieuwlaar (2000) 
 module assembly 0.62964 1.00 0.62964 m2 0.1 based on figures from Alsema and Nieuwlaar (2000) 
c-Si PV        
frame aluminium 0.00 1.05 0.00214 t 0.6 assumed 2 mm thick 
 plastic 0.000 1.00 0.00013 t 0.019 assumed 20 mm wide, 2 mm thick, used plastic EI (foam) 
module mg silicon production 0.62964 1.00 0.62964 m2 0.6 based on figures from Alsema and Nieuwlaar (2000) 
 silicon purification 0.62964 1.00 0.62964 m2 1.4 based on figures from Alsema and Nieuwlaar (2000) 
 Crystallisation/contouring 0.62964 1.00 0.62964 m2 0.9 based on figures from Alsema and Nieuwlaar (2000) 
 overhead/equipment 0.62964 1.00 0.62964 m2 0.3 based on figures from Alsema and Nieuwlaar (2000) 
 cell processing 0.62964 1.00 0.62964 m2 0.2 based on figures from Alsema and Nieuwlaar (2000) 
 module assembly 0.62964 1.00 0.62964 m2 0.1 based on figures from Alsema and Nieuwlaar (2000) 
Subtract roofing        
sarking reflective foil -0.62964 1.10 -0.69260 m2 -0.1  
roofing material decking - colourbond -0.62964 1.05 -0.66112 m2 -0.4  
        
        
Direct energy     0.63 GJ  
Initial Embodied Energy (excluding direct energy)    7.84 GJ  
Initial Embodied Energy (including direct energy)    8.47 GJ  
Table H3  Embodied energy worksheet for BiPV case study 
NB: values may not sum, due to rounding error. 
Case Study 3: BiPV HRU 
 






EE (GJ) Assumptions/Notes 
c-Si PV        
frame aluminium 0.0 1.05 0.00214 t 0.6 assumed 2 mm thick 
 plastic 0.0 1.00 0.00013 t 0.019 assumed 20 mm wide, 2 mm thick, used plastic EI (foam) 
module mg silicon production 0.62964 1.00 0.62964 m2 0.6 based on figures from Alsema and Nieuwlaar (2000) 
 silicon purification 0.62964 1.00 0.62964 m2 1.4 based on figures from Alsema and Nieuwlaar (2000) 
 Crystallisation/contouring 0.62964 1.00 0.62964 m2 0.9 based on figures from Alsema and Nieuwlaar (2000) 
 overhead/equipment 0.62964 1.00 0.62964 m2 0.3 based on figures from Alsema and Nieuwlaar (2000) 
 cell processing 0.62964 1.00 0.62964 m2 0.2 based on figures from Alsema and Nieuwlaar (2000) 
 module assembly 0.62964 1.00 0.62964 m2 0.1 based on figures from Alsema and Nieuwlaar (2000) 
c-Si PV        
frame aluminium 0.00 1.05 0.00214 t 0.6  
 plastic 0.000 1.00 0.00013 t 0.019 assumed 2 mm thick 
module mg silicon production 0.62964 1.00 0.62964 m2 0.6 assumed 20 mm wide, 2 mm thick, used plastic EI (foam) 
 silicon purification 0.62964 1.00 0.62964 m2 1.4 based on figures from Alsema and Nieuwlaar (2000) 
 Crystallisation/contouring 0.62964 1.00 0.62964 m2 0.9 based on figures from Alsema and Nieuwlaar (2000) 
 Overhead/equipment 0.62964 1.00 0.62964 m2 0.3 based on figures from Alsema and Nieuwlaar (2000) 
 cell processing 0.62964 1.00 0.62964 m2 0.2 based on figures from Alsema and Nieuwlaar (2000) 
 module assembly 0.62964 1.00 0.62964 m2 0.1 based on figures from Alsema and Nieuwlaar (2000) 
Heat recovery unit        
base timber - softwood 0.0384 1.05 0.04032 m3 0.2 plywood 
insulation fibreglass batts R2.5 2.64 1.10 2.90400 m2 0.4  
paint paint - water based 1.92 1.05 2.01600 m2 0.1  
nails   1.00 0.00000   assumed negligible 
glue   1.00 0.00000   assumed negligible 
Fan        
frame aluminium 0.00044 1.05 0.00047 t 0.1 0.0625 - 0.0415 + (0.04x1m) 
blades paint - water based 0.082 1.05 0.08610 m2 0.0  
 plastic 0.00012 1.00 0.00012 t 0.0 each taken as 0.0415/4 
motor motor 1 1.05 1.05000 no. 3.5 ‘other electrical equipment’ sector 16.818 GJ/$1000 (@$200) 
Ducting        
duct steel 0.02355 1.05 0.02473 t 2.4 assumed 3 m2 and 1 mm thick 






EE (GJ) Assumptions/Notes 
Subtract roofing        
sarking reflective foil -0.62964 1.10 -0.69260 m2 -0.1  
roofing decking - colourbond -0.62964 1.05 -0.66112 m2 -0.4  
        
        
Direct energy       0.88 GJ  
Initial Embodied Energy (excluding direct energy)   14.65 GJ  
Initial Embodied Energy (including direct energy)   15.53 GJ  
Table H4  Embodied energy worksheet for BiPV HRU case study 

















Case Study 4: Toyota Head Office 
 






EE (GJ) Assumptions/Notes 
Substructure        
reinforced concrete 25 MPa concrete 25MPa 381 1.05 400 m3 1786 200 mm thick 
 steel 38 1.10 42 t 4089 0.1 t/m3 
 membrane 78 1.10 86 m2 33 tanking 
reinforced concrete 32 MPa concrete 32MPa 1090 1.15 1254 m3 6885 200 mm thick to include ribs 
 steel 109 1.10 120 t 11685 0.1 t/m3 
 sand 268 1.10 295 m3 89 50 mm 
 membrane 5365 1.10 5902 m2 2240  
Columns        
structural steel steel 187 1.05 196 t 19111 bolts 50 g/no. 
 paint - water based 50 1.05 53 m2 4 estimate 
Upper Floors        
reinforced concrete 32 MPa concrete 32MPa 866 1.15 996 m3 5473 120 mm, 230 mm thick slabs 
 steel 87 1.10 95 t 9288 0.1 t/m3 
 decking 6076 1.05 6380 m2 3466  
structural steel steel 229 1.05 241 t 23479 studs 50 g/no. 
Staircases        
reinforced concrete concrete 32MPa 18 1.05 19 m3 105 0.5 m3/m 
 steel 2 1.10 2 t 196 0.1 t/m3 
steel frame to stair steel 3 1.05 3 t 330 50 kg/m, 10 mm thick 
handrails steel 0.1 1.05 0 t 9 1 kg/m 
 steel stainless 0.1 1.05 0 t 75 1 kg/m 
 paint - water based 24 1.05 25 m2 2 0.1 m2/m 
Roof        
structural steel steel 82 1.05 86 t 8421  
entry canopies steel 1 1.05 1 t 80 0.005 t/m2 
 decking 156 1.05 164 m2 89  
 aluminium 0.2 1.05 0 t 46 0.5 mm thick, 200 mm high fascia 
colourbond metal tray roof decking - colourbond 4291 1.05 4506 m2 2664  
 steel 21 1.05 23 t 2196 0.005 t/m2 
galvanised metal tray roof decking 1032 1.05 1084 m2 589  






EE (GJ) Assumptions/Notes 
 steel 5 1.05 5 t 528 0.005 t/m2 
glazed roof toughened glass 6mm 153 1.03 158 m2 323  
 aluminium 1 1.05 1 t 208 0.005 t/m2 
gutters, downpipes, flashings decking 383 1.05 402 m2 218 0.5 m2/m 
 aluminium 1 1.05 2 t 391 0.5 m wide, 0.5 mm thick 
linings to parapets aluminium 1 1.05 1 t 177 0.5 mm thick 
tanking paint - oil based 248 1.05 260 m2 18 4 coats (paint x 2) 
roof walkways decking 202 1.05 212 m2 115 1 m2/m 
 steel 1 1.05 1 t 103 0.005 t/m2 
External Walls        
precast concrete panels concrete 32MPa 102 1.05 107 m3 587  
 steel 12 1.05 13 t 1250 0.120 t/m3 
 paint - water based 1272 1.05 1336 m2 91  
aluminium cladding panels aluminium 4 1.05 4 t 1021 0.5 mm thick 
 plasterboard 13mm 1017 1.05 1068 m2 194  
 paint - water based 1017 1.05 1068 m2 73  
Windows        
frameless solar double glazing toughened glass 12mm 2620 1.03 2699 m2 16955 frameless glass, double glazed 
 aluminium 10 1.05 10 t 2707 0.01 t/m2 
 steel 13 1.10 14 t 1404 0.01 t/m2 
support frame steel 25 1.05 26 t 2560  
aluminium curtain wall toughened glass 6mm 1199 1.03 1235 m2 2529  
 aluminium 6 1.05 6 t 1631 0.005 t/m2 
aluminium framed windows toughened glass 6mm 243 1.03 250 m2 513  
 aluminium 1 1.05 1 t 331 0.005 t/m2 
aluminium louvers aluminium 7 1.05 7 t 1877 0.01 t/m2 
aluminium glazed screens toughened glass 6mm 133 1.03 137 m2 281  
 aluminium 1 1.05 1 t 181 0.005 t/m2 
internal frameless glazing toughened glass 12mm 363 1.03 374 m2 2349 frameless glass 
 steel 4 1.10 4 t 389 0.01 t/m2 
External doors        
aluminium doors and frame toughened glass 6mm 136 1.03 140 m2 287  
 aluminium 1 1.05 1 t 384 0.01 t/m2 + 50 kg 






EE (GJ) Assumptions/Notes 
 steel 0.03 0.10 0 t 0 0.00025 t/m2 hardware 
timber doors timber - hardwood 0.3 1.03 0 m3 1 0.05 m thick 
 steel 0.03 1.10 0 t 3 0.005 t/m2 frames 
 steel 0 1.10 0 t 0 0.00025 t/m2 hardware 
 paint - water based 12 1.05 13 m2 1 two sides 
fire doors timber - hardwood 0.3 1.03 0 m3 1 0.05 m thick 
 steel 0.03 1.10 0 t 3 0.005 t/m2 frames 
 steel 0 1.10 0 t 0 0.00025 t/m2 hardware 
 paint - water based 12 1.05 13 m2 1 two sides 
Internal walls        
level 1 plasterboard 10mm 10309 1.05 10824 m2 1735  
 paint - water based 10309 1.05 10824 m2 736  
 steel 25 1.10 27 t 2629 0.005 t/m2 stud wall 
 concrete 32MPa 71 1.05 74 m3 407 100 mm thick concrete 
 steel 7 1.10 8 t 757 0.1 t/m3 
 brick 344 1.05 361 m2 338  
 MDF/particleboard 2 1.05 2 m3 52 19 mm thick 
 plastic 0.09 1.05 0 t 13 1 mm thick 
 aluminium 0.1 1.05 0 t 31 0.005 t/no. 
 timber - softwood 7 1.05 7 m3 37 marine ply 19 mm thick 
level 2 hebel 200mm 243 1.05 255 m2 247  
 plasterboard 10mm 1618 1.05 1699 m2 272  
 concrete 32MPa 10 1.05 10 m3 55 100 mm thick concrete 
 steel 1 1.10 1 t 102 0.1 t/m3 
 paint - water based 1618 1.05 1699 m2 116  
 MDF/particleboard 1 1.05 1 m3 34 19 mm thick 
 plastic 0.1 1.05 0 t 8 1 mm thick 
 aluminium 0.1 1.05 0 t 18 0.005 t/no. 
 steel 6 1.10 6 t 599 0.005 t/m2 stud wall 
level 3 hebel 200mm 243 1.05 255 m2 247  
 plasterboard 10mm 2798 1.05 2938 m2 471  
 concrete 32MPa 10 1.05 10 m3 55 100 mm thick concrete 
 steel 1 1.10 1 t 102 0.1 t/m3 






EE (GJ) Assumptions/Notes 
 paint - water based 2798 1.05 2938 m2 200  
 steel 6 1.10 7 t 659 0.005 t/m2 stud wall 
 MDF/particleboard 1 1.05 1 m3 42 19 mm thick 
 plastic 0.1 1.05 0 t 10 1 mm thick 
 aluminium 0.1 1.05 0 t 23 0.005 t/no. 
level 3 directors steel 6 1.10 7 t 642 0.005 t/m2 stud wall 
 plasterboard 10mm 2394 1.05 2514 m2 403  
 paint - water based 2394 1.05 2514 m2 171  
 timber - softwood 17 1.05 18 m3 98 marine ply 19 mm thick 
 MDF/particleboard 0.3 1.05 0 m3 8 19 mm thick 
 plastic 0.01 1.05 0 t 2 1 mm thick 
 aluminium 0.02 1.05 0 t 5 0.005 t/no. 
Internal screens        
glazed screens and windows toughened glass 6mm 1072 1.03 1104 m2 2261  
 aluminium 7 1.05 8 t 1966 0.005 t/m2 
 toughened glass 12mm 373 1.03 384 m2 2414 frameless glass 
glass balustrade toughened glass 6mm 235 1.03 242 m2 496 1 m2/m 
 aluminium 1 1.05 1 t 320 0.005 t/m 
Internal doors        
level 1 timber - hardwood 1 1.03 1 m3 3 0.01 m3/No 
 paint - water based 288 1.05 302 m2 21 4 m2/no. 
 steel stainless 0.1 1.05 0 t 86 0.002 t/no. 
 aluminium 1.5 1.05 2 t 409 0.01 t/no., 0.005 t/m2 
 toughened glass 6mm 335 1.03 345 m2 707 8 m2/no. (double doors, double glazed) 
 toughened glass 12mm 2 1.03 2 m2 13 frameless, 2 m2/no. 
 steel 2 1.10 2 m 176 beam 
level 2 timber - hardwood 0.3 1.03 0 m3 1 0.01 m3/no. 
 paint - water based 124 1.05 130 m2 9 4 m2/no. 
 toughened glass 12mm 10 1.03 10 m2 65 frameless, 2m2/no. 
 aluminium 0.1 1.05 0 t 14 0.01 t/no. 
 steel stainless 0.1 1.05 0 t 37 0.002 t/no. 
level 3 timber - hardwood 0.3 1.03 0 m3 1 0.01 m3/no. 
 paint - water based 128 1.05 134 m2 9 4 m2/no. 






EE (GJ) Assumptions/Notes 
 toughened glass 12mm 8 1.03 8 m2 52 frameless, 2 m2/no. 
 aluminium 0 1.05 0 t 11 0.01 t/no. 
 steel stainless 0.1 1.05 0 t 38 0.002 t/no. 
level 3 directors timber - hardwood 0.2 1.03 0 m3 1 0.01 m3/no. 
 paint - water based 96 1.05 101 m2 7 4 m2/no. 
 steel stainless 0 1.05 0 t 29 0.002 t/no. 
 aluminium 0 1.05 0 t 11 0.01 t/No, 0.005 t/m2 
 toughened glass 6mm 4 1.03 4 m2 8 4 m2/no., double glazed 
 toughened glass 12mm 6 1.03 6 m2 39 frameless, 2 m2/no. 
level 4 timber - hardwood 0.4 1.03 0 m3 2 4 m2/no., 0.05 m thick 
 paint - water based 8 1.05 8 m2 1 4 m2/no. 
 steel 0 1.10 0 t 1 0.004 t/no. 
Wall finishes        
wall linings plasterboard 10mm 3432 1.05 3604 m2 578  
 paint - water based 3432 1.05 3604 m2 245  
wall paneling MDF/particleboard 6 1.05 6 m3 193 18 mm thick 
 timber - softwood 1 1.05 1 m3 6 3 mm veneer 
 paint - water based 338 1.05 355 m2 24  
 aluminium 0.3 1.05 0 t 76 0.001 t/m 
wall tiling tile, ceramic 2657 1.05 2790 m2 660  
Floor finishes        
insitu terrazzo concrete 32MPa 105 1.15 121 m3 664 50 mm 
carpet tiles carpet - nylon 7285 1.05 7649 m2 8135  
marble granite 33 1.30 43 t 4  
ceramic floor tiles tile, ceramic 584 1.05 613 m2 145  
vinyl vinyl flooring 2mm 1066 1.05 1119 m2 653  
gym floor steel 1 1.05 2 t 147 0.005 t/m2 
 MDF/particleboard 5 1.05 5 m3 164 18 mm 
 carpet - nylon 576 1.05 605 m2 643 carpet rate x 2 
access floor steel 31 1.05 33 t 3186 0.005 t/m2 
 MDF/particleboard 112 1.05 118 m3 3553 18mm 
 carpet - nylon 6227 1.05 6538 m2 6953  
granolithic finish to plant concrete 32MPa 19 1.05 20 m3 112 20 mm 






EE (GJ) Assumptions/Notes 
grid mesh aluminium 1 1.05 1 t 350 0.005 t/m2 
mats carpet - nylon 117 1.05 123 m2 131 carpet rate x 3 
aluminium box skirting aluminium 1 1.05 1 t 156 0.001 t/m 
aluminium skirting aluminium 3 1.05 3 t 749 0.001 t/m 
Ceiling finishes        
various plasterboard 13mm 11074 1.05 11628 m2 2112  
 paint - water based 11092 1.05 11647 m2 792  
 timber - softwood 6 1.05 6 m3 32 0.01 m3/m2 
 fc sheet 4.5mm 2244 1.05 2356 m2 637 9 mm fibre cement sheet - 4.5 mm rate x 2 
 vinyl flooring 2mm 1104 1.05 1159 m2 677  
        
        
Direct energy (at 1.37 GJ/m2)     15904 GJ  
Initial Embodied Energy (excluding direct energy)   194421 GJ  
Initial Embodied Energy (including direct energy)   210324 GJ  
Table H5  Embodied energy worksheet for Toyota Head Office case study 











Case Study 5: Darebin Velodrome 
 






EE (GJ) Assumptions/Notes 
Substructure        
moisture vapour barrier membrane 12614 1.10 13875 m2 5266  
sand bed sand 842 1.10 926 m3 280  
bored piers P1 concrete 30MPa 35 1.05 36 m3 187 assumed 10 m length 
bored piers P2 concrete 30MPa 35 1.05 37 m3 191 assumed 10 m length 
bored piers P3 concrete 30MPa 31 1.05 33 m3 168 assumed 10 m length 
bored piers P4 concrete 30MPa 93 1.05 98 m3 504 assumed 10 m length 
bored piers P5 concrete 30MPa 71 1.05 74 m3 382 assumed 10 m length 
bored piers P6 concrete 30MPa 105 1.05 110 m3 566 assumed 10 m length 
bored piers P7 concrete 30MPa 17 1.05 18 m3 92 assumed 10 m length 
bored piers P8 concrete 30MPa 23 1.05 24 m3 122 assumed 10 m length 
pile cap concrete 30MPa 142 1.05 149 m3 767 for all piles P1-P8 
base slab concrete 30MPa 48 1.15 55 m3 284  
lift pit slab concrete 30MPa 5 1.15 6 m3 30  
tunnel wall concrete 30MPa 82 1.15 94 m3 486  
lift pit wall concrete 30MPa 4 1.15 5 m3 24  
walling beam concrete 30MPa 2 1.05 2 m3 11  
ground beam concrete 30MPa 173 1.05 182 m3 935  
ground slab concrete 30MPa 1081 1.15 1243 m3 6401  
retaining wall concrete 30MPa 55 1.15 63 m3 326  
suspended slab and beams concrete 25MPa 214 1.15 246 m3 1098  
ground pad concrete 30MPa 62 1.05 65 m3 335  
heel slab concrete 30MPa 33 1.15 38 m3 195  
retaining wall concrete 30MPa 75 1.15 86 m3 444  
suspended slab and beams concrete 25MPa 106 1.15 122 m3 544  
blinding concrete 25MPa 143 1.05 151 m3 671  
sprayed concrete concrete 15MPa 85 1.05 89 m3 317  
timber fillet timber - softwood 0 1.05 0 m3 1  
brass angle steel 0 1.05 0 m3 4 assume steel rate 
polyethylene sheet membrane 2 1.10 2 m3 1  
formwork timber - softwood 118 1.05 124 m3 666 assume 20 mm thick where not specified 






EE (GJ) Assumptions/Notes 
formwork steel 27 1.05 28 t 2730 assume 5 mm thick where not specified 
reinforcement steel 213 1.05 224 t 21835 assume reinforcement fabric bars 10 mm thick 
precast concrete concrete 40MPa 534 1.05 561 m3 3617  
tanking membrane 610 1.10 671 m2 255  
Columns        
isolated columns concrete 40MPa 1 1.05 1 m3 7  
columns steel 45 1.05 48 t 4634  
bolts steel 6 1.10 7 t 682  
grout concrete 40MPa 0 1.30 1 m3 3  
connections steel 1 1.10 1 t 131 assume 200 mm long 
Upper floors        
floor beams steel 40 1.05 42 t 4049 assume 200 mm long 
bolts steel 0 1.10 0 t 32  
Staircases        
stairs concrete 30MPa 14 1.05 15 m3 76  
stairs steel 2 1.05 2 t 172  
catwalk and ladder steel 5 1.05 5 t 470  
balustrades steel 2 1.05 2 t 224 assume 0.005 t/m 
handrails steel 0 1.05 0 t 43  
ladders steel 1 1.05 1 t 65 assume steps every 300 mm 
Roof        
bowstring truss steel 95 1.05 100 t 9731  
spine truss steel 31 1.05 32 t 3127  
arch truss steel 50 1.05 52 t 5076  
beams and rafters steel 62 1.05 65 t 6322  
plant platforms steel 1 1.05 1 t 130  
bracing steel 21 1.05 22 t 2159  
purlins steel 112 1.05 117 t 11417  
girts steel 46 1.05 48 t 4705  
safety line steel 0 1.05 0 t 23  
substrate MDF/particleboard 6 1.05 6 m3 191  
stud framing steel 1 1.05 1 t 109 assume 0.025434 t/m2 
membrane membrane 188 1.10 207 m2 78  






EE (GJ) Assumptions/Notes 
sheeting decking - colourbond 9065 1.05 9518 m2 5627  
skylights plastic 1 1.00 1 t 173 assume 2 mm thick plastic 
box gutters steel 9 1.05 10 t 935 assume 3 mm thick steel 
downpipes steel 2 1.05 2 t 213 assume 2 mm thick steel 
flashings steel 4 1.05 4 t 367 assume 300 mm wide and 1 mm thick 
head trim steel 4 1.05 5 t 445  
soffit linings decking 976 1.05 1025 m2 557  
rainwater head steel 0 1.05 0 t 1 assume 2 mm thick steel 
roof access hatch steel 0 1.05 0 t 3 assume 5 mm thick 
parapet lining decking 34 1.05 36 m2 19  
External walls        
blockwork concrete 25MPa 59 1.05 62 m3 278 0.5 x concrete as blocks assumed hollow 
mortar concrete 15MPa 25 1.30 33 m3 115 assume 0.0126 m3/m2 
lintels steel 1 1.02 1 t 68 assume steel 5 mm thick, width twice block wall width 
damp proof course membrane 9 1.05 9 m2 4  
steel angle steel 2 1.05 2 t 190  
cladding fc sheet 4.5mm 588 1.05 617 m2 167 4.5 mm rate x 2 
 decking - colourbond 2960 1.05 3108 m2 1837  
flashings steel 0 1.05 0 t 6  
 steel 4 1.05 4 t 425 includes capping 
insulation reflective foil 12537 1.10 13791 m2 1937  
 fibreglass batts R2.5 9186 1.10 10105 m2 1302  
 fibreglass batts R1.5 3317 1.10 3649 m2 260  
stud framing steel 20 1.05 21 t 2033 assume 0.025434 t/m2 
wall linings plasterboard 13mm 2242 1.05 2354 m2 428  
 fc sheet 6mm 984 1.05 1033 m2 372 assume villaboard is fibre cement sheet 
safety mesh steel 1 1.05 1 t 80 assume 0.5 mm thick wire, 40 m/m2 
 plastic 0 1.00 0 t 3 assume 0.5 mm thick plastic 
Windows        
1200x1500 aluminium 0 1.05 0 t 6 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 7 1.03 7 m2 6 figures from Fay (1999), assumed rate/m2 of window 
1200x1500 aluminium 0 1.05 0 t 4 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 3 1.03 3 m2 3 figures from Fay (1999), assumed rate/m2 of window 
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1740x2860 aluminium 0 1.05 0 t 8 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 9 1.03 9 m2 8 figures from Fay (1999), assumed rate/m2 of window 
fly wire screen aluminium 0 1.05 0 t 1 assume 0.5 kg/m2 
2800x2400 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 6 1.03 7 m2 6 figures from Fay (1999), assumed rate/m2 of window 
3250x2400 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 7 1.03 8 m2 7 figures from Fay (1999), assumed rate/m2 of window 
3250x3600 aluminium 0 1.05 0 t 4 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 11 1.03 12 m2 10 figures from Fay (1999), assumed rate/m2 of window 
3600x2400 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 8 1.03 8 m2 8 figures from Fay (1999), assumed rate/m2 of window 
4730x2400 aluminium 0 1.05 0 t 4 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 11 1.03 11 m2 10 figures from Fay (1999), assumed rate/m2 of window 
4880x2400 aluminium 0 1.05 0 t 19 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 56 1.03 58 m2 52 figures from Fay (1999), assumed rate/m2 of window 
4900x2400 aluminium 0 1.05 0 t 8 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 23 1.03 23 m2 21 figures from Fay (1999), assumed rate/m2 of window 
4900x2400 aluminium 0 1.05 0 t 8 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 23 1.03 23 m2 21 figures from Fay (1999), assumed rate/m2 of window 
5900x2400 aluminium 0 1.05 0 t 4 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 14 1.03 14 m2 13 figures from Fay (1999), assumed rate/m2 of window 
glass infill clear float glass 4mm 3 1.03 3 m2 3  
glass angle clear float glass 4mm 2 1.03 2 m2 2  
trim aluminium 0 1.05 0 t 9 assume 2 mm thick 
 paint - water based 6 1.05 7 m2 0  
window hardware steel 0 1.02 0 t 1 assume 1 kg/window 
External doors        
1800x2340 aluminium 0 1.05 0 t 8 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 16 1.03 16 m2 15 figures from Fay (1999), assumed rate/m2 of window 
1440x2340 timber - hardwood 0 1.03 0 m3 1  
1640x2340 timber - hardwood 0 1.03 0 m3 2  
1840x2040 timber - hardwood 0 1.03 0 m3 1  
1840x2340 timber - hardwood 0 1.03 0 m3 1  
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820x1550 timber - hardwood 0 1.03 0 m3 0  
820x2040 timber - hardwood 0 1.03 0 m3 1  
920x2340 timber - hardwood 0 1.03 0 m3 2  
920x2340 timber - hardwood 0 1.03 0 m3 2  
1000x2040 timber - hardwood 0 1.03 1 m3 2  
door frames steel 0 1.05 0 t 9 figures from Fay (1999), assumed rate/m2 of window 
door frames aluminium 0 1.05 0 t 8 figures from Fay (1999), assumed rate/m2 of window 
roller shutter steel 1 1.05 1 t 59 assume 4 mm thick 
roller grille steel 0 1.05 0 t 24 assume 4 mm thick 
door hardware steel 0 1.03 0 t 1 assume 1 kg/door 
Internal walls        
toilet and shower partition MDF/particleboard 2 1.05 2 m3 59 assume hardicolour is MDF, assume 10 mm thick 
capping MDF/particleboard 0 1.05 0 m3 14  
insulation fibreglass batts R2.5 767 1.10 844 m2 109  
Internal screens        
1200x1500 aluminium 0 1.05 0 t 6 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 7 1.03 7 m2 6 figures from Fay (1999), assumed rate/m2 of window 
2040x2400 aluminium 0 1.05 0 t 2 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 5 1.03 5 m2 4 figures from Fay (1999), assumed rate/m2 of window 
2865x2400 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 7 1.03 7 m2 6 figures from Fay (1999), assumed rate/m2 of window 
3600x1550 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 5 1.03 5 m2 5 figures from Fay (1999), assumed rate/m2 of window 
3600x2850 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 10 1.03 10 m2 9 figures from Fay (1999), assumed rate/m2 of window 
4750x2400 aluminium 0 1.05 0 t 4 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 11 1.03 11 m2 10 figures from Fay (1999), assumed rate/m2 of window 
4880x2400 aluminium 0 1.05 0 t 11 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 34 1.03 35 m2 31 figures from Fay (1999), assumed rate/m2 of window 
3490x1200 aluminium 0 1.05 0 t 2 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 4 1.03 4 m2 4 figures from Fay (1999), assumed rate/m2 of window 
3795x1200 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 4 1.03 4 m2 4 figures from Fay (1999), assumed rate/m2 of window 
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3795x1200 aluminium 0 1.05 0 t 3 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 4 1.03 4 m2 4 figures from Fay (1999), assumed rate/m2 of window 
glass infill clear float glass 4mm 0 1.03 0 m2 0  
trim aluminium 0 1.05 0 t 2 assume 2 mm thick 
 paint - water based 2 1.05 2 m2 0  
hardware steel 0 1.02 0 t 1 assume 1 kg each 
Internal doors        
900x2340 aluminium 0 1.05 0 t 2 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 2 1.03 2 m2 2 figures from Fay (1999), assumed rate/m2 of window 
1800x2340 aluminium 0 1.05 0 t 6 figures from Fay (1999), assumed rate/m2 of window 
 clear float glass 4mm 12 1.03 12 m2 11 figures from Fay (1999), assumed rate/m2 of window 
820x2040 timber - hardwood 0 1.03 0 m3 0  
820x2040 timber - hardwood 0 1.03 0 m3 1  
820x2340 timber - hardwood 0 1.03 0 m3 1  
920x2040 timber - hardwood 0 1.03 0 m3 1  
920x2340 timber - hardwood 0 1.03 0 m3 0  
820x2340 timber - hardwood 0 1.03 0 m3 0  
350x2340 timber - hardwood 0 1.03 0 m3 0  
1040x2340 timber - hardwood 0 1.03 0 m3 1  
700x600 timber - hardwood 0 1.03 0 m3 0  
820x2040 timber - hardwood 0 1.03 0 m3 0  
820x2040 timber - hardwood 0 1.03 0 m3 2  
920x2040 timber - hardwood 0 1.03 0 m3 0  
door frames steel 0 1.05 0 t 20 figures from Fay (1999), assumed rate/m2 of window 
door frames aluminium 0 1.05 0 t 13 figures from Fay (1999), assumed rate/m2 of window 
hinges steel 0 1.02 0 t 1 assume hinges 2 mm thick 
kick plate steel stainless 0 1.05 0 t 30 assume kick plate 2 mm thick 
door hardware steel 0 1.02 0 t 1 assume 1 kg/door 
Wall finishes        
wall tiling tile, ceramic 384 1.05 403 m2 95  
 steel stainless 0 1.05 0 t 58 assume 4 mm thick 
render concrete 15MPa 1 1.30 1 m3 3 assume 10 mm thick 
external walls paint - water based 1472 1.05 1546 m2 105  
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internal walls paint - water based 882 1.05 926 m2 63  
other paint - water based 3208 1.05 3368 m2 229  
Floor finishes        
vinyl flooring vinyl flooring 2mm 185 1.05 195 m2 114  
carpet flooring carpet - wool 583 1.05 612 m2 352 
 
floor tiling tile, ceramic 12 1.05 13 m2 3  
tactile flooring tile, ceramic 53 1.05 56 m2 13  
floor mats concrete 15MPa 0 1.15 0 m3 2 screed - assume 40 mm thick 
 aluminium 0 1.05 0 t 2 frame - 25 x 25 x 3 
 carpet - nylon 12 1.05 12 m2 13 assume double carpet rate 
skirting MDF/particleboard 0 1.10 0 m3 6  
 aluminium 0 1.05 0 t 21 assume 3 mm thick 
 vinyl flooring 2mm 1 1.05 1 m2 1 assume 100 mm high 
 paint - water based 12 1.05 13 m2 1  
division strips aluminium 0 1.05 0 t 4 assume 25 x 25 x 3 
screeds concrete 15MPa 27 1.15 31 m3 109  
concrete paint - water based 530 1.05 557 m2 38  
Ceiling finishes        
ceiling tiles fc sheet 6mm 500 1.05 525 m2 189 assume tiles as fibre cement sheet 
cornice steel 0 1.05 0 t 44 assume cornice is steel 100 x 2 
suspension system steel 2 1.05 2 t 161 assume 4 m frame/m2, 0.00314 t/m2 
ceiling lining fc sheet 4.5mm 478 1.05 502 m2 136 9 mm lining - 4.5 mm rate x 2 
suspension system steel 1 1.05 1 t 54 assume 2 m frame/m2, 0.002198 t/m2 
bulkhead plasterboard 10mm 11 1.05 11 m2 2  
access panel MDF/particleboard 0 1.05 0 m3 1 assume 19 mm thick 
ceiling lining paint - water based 244 1.05 256 m2 17  
Other finishes        
steelwork paint - water based 5203 1.05 5463 m2 371  
fences paint - water based 225 1.05 236 m2 16 powder coated 
door finish paint - water based 308 1.05 323 m2 22  
Sanitary fixtures        
soap dish steel stainless 0 1.05 0 t 10 assume 1 kg each 
toilet roll holder steel stainless 0 1.05 0 t 11 assume 1 kg each 
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paper towel dispenser plastic 0 1.03 0 t 1 assume 0.5 kg each 
soap dispenser plastic 0 1.03 0 t 1  
coat hooks steel 0 1.05 0 t 1 assume 0.2 kg each 
grab rails steel stainless 0 1.05 0 t 36 assume 3 mm thick 
shower seats steel stainless 0 1.05 0 t 65 assume 3 mm thick, 20 mm diameter 
 aluminium 0 1.05 0 t 10 assume 3 mm thick 
WC ceramic toilet suite 19 1.00 19 no. 191  
urinal ceramic toilet suite 4 1.00 4 no. 40 assume same as for ceramic toilet suite 
basin ceramic basin 22 1.00 22 no. 246  
sink stainless steel sink 3 1.00 3 no. 38  
floor wastes plastic 0 1.03 0 t 2 assume 3 mm thick 
tap ware steel 0 1.03 0 t 8 assume 1 kg/set 
Plumbing        
waste pipes UPVC pipe 40 2 1.05 2 m 0  
 UPVC pipe 50 15 1.05 16 m 2  
 UPVC pipe 65 99 1.05 104 m 17  
 UPVC pipe 100 270 1.05 283 m 70  
inspection cover concrete 25MPa 0 1.05 0 m3 0 assume 40 mm thick concrete 
grease drain UPVC pipe 100 60 1.05 63 m 16 assume HDPE same as UPVC 
 UPVC pipe 65 12 1.05 13 m 2 assume HDPE same as UPVC 
grease trap concrete 25MPa 1 1.05 1 m3 4 assume 2m3 trap with 80 mm thick concrete 
vent pipes UPVC pipe 40 57 1.05 60 m 6  
 UPVC pipe 50 51 1.05 54 m 7  
 UPVC pipe 65 104 1.05 109 m 17  
 UPVC pipe 80 13 1.05 14 m 3  
 UPVC pipe 100 69 1.05 72 m 18  
waste gully steel 0 1.05 0 t 0 assume steel at 5 mm thick 
water pipes UPVC pipe 50 249 1.05 262 m 32 assume polyethylene same as UPVC 
 UPVC pipe 65 129 1.05 135 m 22 assume 63 mm polyethylene same as UPVC 65 mm 
 UPVC pipe 125 181 1.05 190 m 59 assume polyethylene same as UPVC 
 copper 1 1.05 1 t 313  
 UPVC pipe 20 11 1.05 12 m 1 assume polyethylene same as UPVC 
 UPVC pipe 20 14 1.05 15 m 1 assume polyethylene same as UPVC 
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 UPVC pipe 25 489 1.05 513 m 32 assume polyethylene same as UPVC 
 UPVC pipe 40 150 1.05 158 m 16 assume polyethylene same as UPVC 
 UPVC pipe 40 139 1.05 146 m 14 assume polyethylene same as UPVC 
 UPVC pipe 50 30 1.05 31 m 4 assume polyethylene same as UPVC 
 steel 0 1.05 0 t 0 assume 200 mm long 
 steel 0 1.05 0 t 0 assume 200 mm long 
hot water system GHWS275L 1 1.00 1 no. 20 based on figures from Crawford (2000) 
 GIHWS24L 5 1.00 5 no. 36 based on figures from Crawford (2000) 
valve box steel 0 1.05 0 t 9 assume 3 mm steel 
fire pipes steel 0.02 1.05 0 t 2  
 steel 0.06 1.05 0 t 6  
 steel 0.00 1.05 0 t 0  
 UPVC pipe 100 8 1.05 8 m 2  
 UPVC pipe 150 686 1.05 720 m 264  
gas pipes copper 0.12 1.05 0 t 38  
 copper 0 1.05 0 t 1  
 copper 0 1.05 0 t 1  
 steel 0 1.05 0 t 0 assume 200 mm long 
 steel 0 1.05 0 t 0 assume 200 mm long 
sewer pipes UPVC pipe 50 12 1.05 13 m 2  
stormwater pipes UPVC pipe 80 14 1.05 15 m 3 assume HDPE is UPVC 
 UPVC pipe 100 15 1.05 16 m 4  
 UPVC pipe 150 241 1.05 253 m 92  
 fc sheet 4.5mm 136 1.05 142 m2 38 fc pipe 225 mm, 4.5 mm thick, use 4.5 mm fc rate per m2 
 fc sheet 4.5mm 119 1.05 125 m2 34 fc pipe 300 mm, 4.5 mm thick, use 4.5 mm fc rate per m2 
 fc sheet 4.5mm 444 1.05 466 m2 126 fc pipe 450 mm, 4.5 mm thick, use 4.5 mm fc rate per m2 
stormwater pits concrete 25MPa 22 1.05 23 m3 105  
subsoil pipes UPVC pipe 90 271 1.05 285 m 63  
grated trench steel 1 1.05 1 t 96 assume steel at 4 mm thick 
grates steel 0 1.05 0 t 16 assume steel at 4 mm thick 
sewer pumpwell concrete 25MPa 4 1.05 4 m3 20 assume 150 mm thick 
 steel 0 1.05 0 t 2 assume 10 kg steel each 
fire hydrants steel 0 1.05 0 t 9 assume 15 kg each 






EE (GJ) Assumptions/Notes 
fire hose reel steel 0 1.05 0 t 9 assume 15 kg each 
 plastic 0 1.00 0 t 4 assume 5 kg each 
fire extinguisher steel 0 1.05 0 t 11 assume 15 kg each 
fire blanket carpet - wool 6 1.05 6 m2 4 assume carpet rate, 3m2 each 
sand sand 466 1.10 513 m3 155 assume 0.2 m3/m 
crushed rock screenings 1045 1.30 1358 t 1025 assume 0.2 m3/m 
Fitments        
bench top MDF/particleboard 0 1.05 0 m3 15 assume 30 mm thick 
 laminate 15 1.05 16 m2 3 assume 2 mm thick 
bench seat timber - softwood 0 1.05 0 m3 0 assume 19 mm thick 
 steel 0 1.05 0 t 2 estimate 
 paint - water based 3 1.05 4 m2 0  
locker support timber - softwood 1 1.05 1 m3 3  
 steel 0 1.05 0 t 3 estimate 
 paint - water based 28 1.05 29 m2 2  
coat rail timber - softwood 0 1.05 0 m3 0 assume 10 mm thick 
cupboard timber - softwood 0 1.05 0 m3 1 assume 19 mm thick 
 timber - softwood 0 1.05 0 m3 1 assume 19 mm thick 
splashback MDF/particleboard 0 1.05 0 m3 1 assume 5 mm thick 
 laminate 4 1.05 4 m2 1 assume 2 mm thick 
bar unit timber - softwood 0 1.05 0 m3 2 assume 19 mm thick 
 timber - softwood 1 1.05 1 m3 3 assume 19 mm thick 
counter MDF/particleboard 0 1.05 0 m3 15 assume 19 mm thick 
 laminate 13 1.05 13 m2 2 assume 2 mm thick 
bulkhead MDF/particleboard 0 1.05 0 m3 4 assume 19 mm thick 
 laminate 7 1.05 7 m2 1 assume 2 mm thick 
shelving timber - softwood 0 1.05 0 m3 0 assume 19 mm thick 
 timber - softwood 0 1.05 0 m3 0 assume 19 mm thick 
 timber - softwood 0 1.05 0 m3 1 assume 19 mm thick 
 clear float glass 4mm 2 1.03 2 m2 2  
glass rack steel 1 1.05 1 t 58 assume 3 mm thick steel 
bench unit timber - softwood 0 1.05 0 m3 2 assume 19 mm thick 
counter unit timber - softwood 0 1.05 0 m3 1 assume 19 mm thick 






EE (GJ) Assumptions/Notes 
mirrors clear float glass 4mm 16 1.03 16 m2 15 assume 4 mm glass rate 
 timber - softwood 0 1.05 0 m3 0 assume 5 mm thick 
Fences        
wire steel 3 1.05 3 t 310 assume 40 m wire/m2 
PVC plastic 0 1.03 0 t 45 assume 40 m PVC/m2 
footings concrete 25MPa 9 1.05 9 m3 42  
posts steel 8 1.05 8 t 789 assume posts every 2 m, 50 mm shs 5 mm thick steel 
rails steel 1 1.05 1 t 114 assume top and bottom rails 0.000785 t/m 
gates steel 4 1.05 4 t 368 assume 0.2 t/gate 
screen steel 0 1.05 0 t 35 assume 5 mm thick and half area 
Additional items        
timing posts steel 0 1.05 0 t 5 assume 5 mm thick steel 
spectator seats plastic 5 1.03 5 t 659 assume 5 kg per seat 
 steel 0 1.05 0 t 5 assume 3 mm thick 
pavement concrete 30MPa 274 1.15 316 m3 1625  
 screenings 410 1.30 533 t 402 crushed rock 
 steel 1 1.05 1 t 101  
 UPVC pipe 25 400 1.05 420 m 26  
access track screenings 282 1.30 366 t 276 crushed rock 
kerb and channel concrete 25MPa 3 1.05 3 m3 14  
lines paint - water based 15 1.05 16 m2 1  
filling sand 5500 1.10 6049 m3 1827  
        
        
Direct energy (at 1.21 GJ/m2)    10806 GJ  
Initial Embodied Energy (excluding direct energy)   134557 GJ  
Initial Embodied Energy (including direct energy)   145362 GJ  
Table H6  Embodied energy worksheet for Darebin Velodrome case study 
NB: values may not sum, due to rounding error.
Case Study 6: Solar Hot Water System 
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Collector 1        
glazing angle aluminium 0.00073 1.05 0.00077 t 0.2  
casing aluminium 0.00466 1.05 0.00490 t 1.269  
glass clear float glass 4mm  1.947 1.03 2.00560 m2 1.8 4 mm glass rate, thickness same to allow for tempering 
absorber plate steel 0.01787 1.05 0.01876 t 1.8  
 paint - oil based 15.176 1.05 15.93446 m2 1.1 powder coat - paint rate times 4  
insulation fibreglass batts R2.5 0.760 1.10 0.83620 m2 0.1 2.5 R-value pro rata down to R1.0 by R-value 
 fibreglass batts R2.5 0.1782 1.10 0.19603 m2 0.03 2.5 R-value pro rata down to R1.0 by R-value 
Collector 2        
glazing angle aluminium 0.00073 1.05 0.00077 t 0.2  
casing aluminium 0.00466 1.05 0.00490 t 1.269  
glass clear float glass 4mm  1.947 1.03 2.00560 m2 1.8 4 mm glass rate, thickness same to allow for tempering 
absorber plate steel 0.01787 1.05 0.01876 t 1.8  
 paint - oil based 15.176 1.05 15.93446 m2 1.1 powder coat - paint rate times 4  
insulation fibreglass batts R2.5 0.760 1.10 0.83620 m2 0.1 2.5 R-value pro rata down to R1.0 by R-value 
 fibreglass batts R2.5 0.1782 1.10 0.19603 m2 0.0 2.5 R-value pro rata down to R1.0 by R-value 
Storage tank        
outer casing aluminium 0.00511 1.05 0.00536 t 1.4  
 aluminium 0.00894 1.05 0.00939 t 2.4  
insulation fibreglass batts R2.5 1.4784 1.10 1.62624 m2 0.2 2.5 R-value pro rata down to R1.0 by R-value 
jacket steel 0.01777 1.05 0.01866 t 1.8  
steel container steel 0.0535 1.05 0.05617 t 5.5  
 steel 0.00716 1.05 0.00751 t 0.7  
lining clear float glass 4mm  0.1232 1.03 0.12690 m2 0.11  
 clear float glass 4mm  0.11536 1.03 0.11882 m2 0.11  
casing ends plastic 0.00156 1.00 0.00156 t 0.22  
anode magnesium 0.00199 1.05 0.00209 t 1.1  
Direct energy     0.93 GJ  
Initial Embodied Energy (excluding direct energy)   26.26 GJ  
Initial Embodied Energy (including direct energy)   27.18 GJ  
Table H7  Embodied energy worksheet for Solar Hot Water System case study
Case Study 7: Royal Domain Office Building 
 






EE (GJ) Assumptions/Notes 
Substructure        
various membrane 7516.33 1.10 8267.97 m2 3138 as per Treloar (1996), for all 
 steel 394.28 1.05 413.99 t 40347  
 UPVC pipe (100 slotted) 1347.16 1.05 1414.52 m 273  
 concrete 15MPa 2.82 1.15 3.24 m3 11  
 concrete 20MPa 699.58 1.15 804.52 m3 3194  
 concrete 30MPa 3636.57 1.15 4182.06 m3 21535  
 fc sheet 6mm 5.98 1.05 6.28 m2 2  
 MDF/particleboard 3.49 1.05 3.67 m3 111  
 screenings 948.93 1.30 1233.61 m3 931  
Columns        
various concrete 30MPa 2649.86 1.15 3047.33 m3 15692  
 steel 432.93 1.05 454.57 t 44302  
Upper floors        
various concrete 30MPa 14304.00 1.15 16449.60 m3 84705  
 steel 1645.89 1.05 1728.19 t 168426  
 paint - water based 16856.00 1.05 17698.80 m2 1203  
Staircases        
various steel 58.41 1.05 61.33 t 5977  
 concrete 30MPa 165.94 1.15 190.83 m3 983  
 tile, ceramic 19.45 1.05 20.42 m2 5  
Roof        
various membrane 3293.67 1.10 3623.03 m2 1375  
 decking 782.15 1.05 821.26 m2 446  
 UPVC pipe 100 791.00 1.05 830.55 m 206  
 concrete 30MPa 222.97 1.15 256.41 m3 1320  
 fibreglass batts R2.5 3328.52 1.10 3661.37 m2 472  
 steel 27.28 1.05 28.65 t 2792  
External walls        
various membrane 537.00 1.10 590.70 m2 224  
 fc sheet 4.5mm 2542.14 1.05 2669.25 m2 722  
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 MDF/particleboard 8.69 1.05 9.13 m3 276  
 concrete 15MPa 10.74 1.15 12.35 m3 44  
 concrete 30MPa 4334.60 1.15 4984.79 m3 25669  
 steel 1083.84 1.05 1138.03 t 110910  
 aluminium 61.03 1.05 64.08 t 16604  
 cement 26.58 1.05 27.91 t 406  
 clear float glass 4mm 6840.87 1.03 7046.09 m2 6367  
 toughened glass 6mm 1138.15 1.03 1172.29 m2 2401  
 paint - water based 1665.50 1.05 1748.78 m2 119  
 sand 349.66 1.10 384.62 m3 116  
 steel stainless 0.53 1.05 0.56 t 319  
External doors        
various concrete 30MPa 1.62 1.15 1.87 m3 10  
 aluminium 0.78 1.05 0.82 t 211  
 timber - hardwood 0.81 1.03 0.83 m3 4  
 paint - water based 45.50 1.05 47.78 m2 3  
 steel 2.86 1.05 3.01 t 293  
 steel stainless 0.20 1.05 0.21 t 122  
 copper 0.01 1.05 0.01 t 3  
 toughened glass 6mm 32.13 1.03 33.09 m2 68  
Internal walls        
various plasterboard 13mm 61.91 1.05 65.00 m2 12  
 concrete 30MPa 5170.50 1.15 5946.07 m3 30619  
 steel 327.88 1.05 344.28 t 33553  
Internal screens        
various plasterboard 13mm 890.40 1.05 934.92 m2 170  
 MDF/particleboard 12.06 1.05 12.66 m3 382  
 aluminium 0.39 1.05 0.41 t 105  
 toughened glass 6mm 158.12 1.03 162.86 m2 334  
 steel 3.32 1.05 3.49 t 340  
 plastic 0.78 1.00 0.78 t 111  
Internal doors        
various concrete 30MPa 31.02 1.15 35.67 m3 184  
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 aluminium 1.94 1.05 2.04 t 529  
 toughened glass 6mm 497.02 1.03 511.93 m2 1049  
 clear float glass 4mm 218.84 1.00 218.84 m2 198  
 timber - hardwood 32.69 1.03 33.67 m3 145  
 steel 21.82 1.05 22.91 t 2233  
 steel stainless 0.53 1.05 0.56 t 320  
Wall finishes        
various plasterboard 13mm 12540.87 1.05 13167.92 m2 2392  
 MDF/particleboard 6.15 1.05 6.46 m3 195  
 tile, ceramic 899.23 1.05 944.19 m2 223  
 timber - softwood 15.77 1.05 16.56 m3 89  
 paint - water based 25856.00 1.05 27148.80 m2 1846  
 steel 27.59 1.05 28.97 t 2823  
 steel stainless 6.28 1.05 6.59 t 3767  
 granite 1074.61 1.30 1396.99 t 121  
 plastic 0.81 1.00 0.81 t 115  
Floor finishes        
various membrane 28.00 1.10 30.80 m2 12  
 concrete 30MPa 18.31 1.15 21.06 m3 108  
 tile, ceramic 650.00 1.05 682.50 m2 161  
 steel 0.02 1.05 0.02 t 2  
 carpet - nylon 28977.81 1.05 30426.70 m2 32357  
 copper 0.00 1.05 0.00 t 1  
 granite 3294.25 1.30 4282.53 t 372  
 vinyl flooring 2mm 743.11 1.05 780.26 m2 455  
Ceiling finishes        
various plasterboard 13mm 29981.51 1.05 31480.58 m2 5718  
 fc sheet 4.5mm 1638.23 1.05 1720.14 m2 465  
 paint - water based 2347.00 1.05 2464.35 m2 168  
 steel 50.34 1.05 52.85 t 5151  
Fitments        
various MDF/particleboard 2.02 1.05 2.12 m3 64  
 aluminium 0.33 1.05 0.34 t 89  
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 steel 14.04 1.05 14.74 t 1437  
 steel stainless 0.57 1.05 0.60 t 342  
 copper 0.22 1.05 0.23 t 69  
 clear float glass 4mm 138.12 1.03 142.26 m2 129  
 granite 68.39 1.30 88.91 t 8  
Special equipment        
various steel 7.46 1.05 7.83 t 763  
 copper 0.01 1.05 0.01 t 2  
Plumbing        
various concrete 30MPa 0.30 1.15 0.34 m3 2  
 fibreglass batts R2.5 219.17 1.10 241.08 m2 31  
 aluminium 0.06 1.05 0.06 t 15  
 steel 216.78 1.05 227.62 t 22183  
 tile, ceramic 18.00 1.05 18.90 m2 4  
 steel stainless 6.08 1.05 6.38 t 3647  
 copper 43.31 1.05 45.48 t 13542  
 plastic 0.86 1.00 0.86 t 123  
 ceramic toilet suite 115.60 1.00 115.60 no. 1160  
Paved areas        
various bitumen 24.37 1.05 25.59 m3 144  
 bitumen 0.00 1.05 0.00 m3 0  
Landscaping        
various UPVC pipe 100 200.00 1.05 210.00 m 52  
 copper 0.01 1.05 0.01 t 3  
 granite 1.20 1.30 1.56 t 0  
 plastic 0.04 1.00 0.04 t 6  
 bitumen 16.80 1.05 17.64 m3 100  
Stormwater        
various UPVC pipe 100 30.50 1.05 32.03 m 8  
 concrete 30MPa 0.03 1.15 0.03 m3 0  
 steel 0.82 1.05 0.86 t 84  
 screenings 7.21 1.30 9.37 m3 7  
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Air conditioning        
various decking 1107.00 1.05 1162.35 m2 631  
 fibreglass batts R2.5 1804.54 1.10 1984.99 m2 256  
 steel 624.61 1.05 655.84 t 63917  
 steel stainless 0.19 1.05 0.20 t 115  
 copper 56.98 1.05 59.83 t 17816  
Fire protection        
various steel 319.93 1.05 335.93 t 32739  
 steel stainless 0.08 1.05 0.08 t 46  
 copper 0.07 1.05 0.08 t 23  
 plastic 0.67 1.00 0.67 t 95  
Electrical        
various UPVC pipe 100 5893.00 1.05 6187.65 m 1531  
 MDF/particleboard 0.28 1.05 0.29 m3 9  
 aluminium 33.32 1.05 34.99 t 9066  
 steel 29.79 1.05 31.28 t 3048  
 steel stainless 3.96 1.05 4.15 t 2372  
 copper 5.93 1.05 6.23 t 1855  
 plastic 69.88 1.00 69.88 t 9908  
Lifts        
various plasterboard 13mm 30.95 1.05 32.50 m2 6  
 concrete 30MPa 11.60 1.15 13.34 m3 69  
 aluminium 0.47 1.05 0.49 t 127  
 paint - water based 139.50 1.05 146.48 m2 10  
 steel 63.37 1.05 66.54 t 6485  
 steel stainless 0.24 1.05 0.25 t 144  
 copper 0.83 1.05 0.87 t 260  
 toughened glass 6mm 42.50 1.03 43.78 m2 90  
 granite 45.31 1.30 58.90 t 5  
 plastic 0.10 1.00 0.10 t 14  
Special services        
various paint - water based 5.00 1.05 5.25 m2 0.4  
 steel stainless 0.35 1.05 0.37 t 212  
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 plastic 0.88 1.00 0.88 t 125  
Preliminaries        
various decking 202.50 1.05 212.63 m2 115  
 plasterboard 13mm 208.97 1.05 219.42 m2 40  
 MDF/particleboard 0.83 1.05 0.88 m3 26  
 concrete 30MPa 138.26 1.15 159.00 m3 819  
 aluminium 0.14 1.05 0.14 t 37  
 steel 2.44 1.05 2.56 t 250  
        
        
Direct energy (at 1.76 GJ/m2)     82566 GJ  
Initial Embodied Energy (excluding direct energy)   885427 GJ  
Initial Embodied Energy (including direct energy)   967993 GJ  
Table H8  Embodied energy worksheet for Royal Domain Office Building case study 













Case Study 8: Washing Machine 
 






EE (GJ) Assumptions/Notes 
Washing machine        
carton sleeve timber - softwood 0.0021 1.02 0.00836 m3 0.0450 cardboard: density 0.25 t/m3, pro rata softwood 0.5 t/m3 
corner post timber - softwood 0.0011 1.02 0.00432 m3 0.0233 cardboard: density 0.25 t/m3, pro rata softwood 0.5 t/m3 
bottom tray timber - softwood 0.0004 1.02 0.00144 m3 0.0078 cardboard: density 0.25 t/m3, pro rata softwood 0.5 t/m3 
top tray timber - softwood 0.0002 1.02 0.00096 m3 0.0052 cardboard: density 0.25 t/m3, pro rata softwood 0.5 t/m3 
support packing timber - softwood 0.0007 1.02 0.00138 m3 0.0074 assume softwood, density of softwood 0.5 t/m3 
screw steel stainless 0.0000 1.10 0.00000 t 0.0012  
hinge, left hand. plastic 0.0000 1.05 0.00000 t 0.0006  
hinge, right hand. plastic 0.0000 1.05 0.00001 t 0.0011  
knob plastic 0.0000 1.05 0.00002 t 0.0023  
clip steel 0.0000 1.10 0.00000 t 0.0004  
knob insert plastic 0.0000 1.05 0.00000 t 0.0004  
circlip steel 0.0000 1.10 0.00000 t 0.0000  
knob plastic 0.0000 1.05 0.00001 t 0.0019  
screw steel 0.0000 1.10 0.00000 t 0.0004  
screw steel 0.0000 1.10 0.00001 t 0.0005  
washer plastic 0.0000 1.05 0.00000 t 0.0000  
screw steel 0.0000 1.10 0.00001 t 0.0006  
nut steel 0.0000 1.10 0.00000 t 0.0005  
seal plastic 0.0000 1.05 0.00000 t 0.0003 rubber: assume rate for general plastic  
clip plastic 0.0000 1.05 0.00000 t 0.0006  
switch plastic 0.0000 1.05 0.00002 t 0.0034  
 steel 0.0000 1.10 0.00000 t 0.0001  
 aluminium 0.0000 1.05 0.00000 t 0.0007  
pressure switch plastic 0.0000 1.05 0.00004 t 0.0053  
 steel 0.0000 1.10 0.00005 t 0.0049  
 plastic 0.0000 1.05 0.00000 t 0.0002 rubber: assume rate for general plastic  
 aluminium 0.0000 1.05 0.00001 t 0.0018  
switch aluminium 0.0000 1.05 0.00001 t 0.0019  
 plastic 0.0000 1.05 0.00002 t 0.0034  
tube plastic 0.0000 1.05 0.00001 t 0.0012 rubber: assume rate for general plastic  
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rod plastic 0.0000 1.05 0.00000 t 0.0001  
lid steel 0.0013 1.10 0.00141 t 0.1372  
panel plastic 0.0004 1.05 0.00040 t 0.0566  
panel steel 0.0003 1.10 0.00037 t 0.0364  
gasket plastic 0.0000 1.05 0.00000 t 0.0003 rubber: assume rate for general plastic  
plate plastic 0.0000 1.05 0.00001 t 0.0017  
cover plastic 0.0000 1.05 0.00000 t 0.0005  
cover plastic 0.0000 1.05 0.00000 t 0.0005  
valve copper 0.0000 1.05 0.00003 t 0.0083  
 plastic 0.0000 1.05 0.00000 t 0.0007  
 steel 0.0000 1.10 0.00003 t 0.0026  
 plastic 0.0000 1.05 0.00003 t 0.0040  
 plastic 0.0000 1.05 0.00000 t 0.0002 rubber: assume rate for general plastic  
grommet plastic 0.0000 1.05 0.00000 t 0.0001 rubber: assume rate for general plastic  
screw steel 0.0000 1.10 0.00000 t 0.0001  
switch plastic 0.0000 1.05 0.00000 t 0.0005  
 aluminium 0.0000 1.05 0.00000 t 0.0009  
button plastic 0.0000 1.05 0.00000 t 0.0001  
bracket plastic 0.0000 1.05 0.00002 t 0.0025  
spring steel 0.0000 1.10 0.00000 t 0.0002  
lever plastic 0.0000 1.05 0.00001 t 0.0009  
grommet plastic 0.0000 1.05 0.00000 t 0.0004  
timer plastic 0.0002 1.05 0.00023 t 0.0328  
 aluminium 0.0001 1.05 0.00007 t 0.0191  
 steel 0.0002 1.10 0.00017 t 0.0161  
 plastic 0.0000 1.05 0.00000 t 0.0001  
 steel 0.0000 1.10 0.00001 t 0.0006  
 copper 0.0000 1.05 0.00002 t 0.0049  
 plastic 0.0000 1.05 0.00000 t 0.0001  
capacitor plastic 0.0001 1.05 0.00006 t 0.0090  
 aluminium 0.0000 1.05 0.00002 t 0.0041  
clamp steel 0.0000 1.10 0.00001 t 0.0007  
control unit plastic 0.0002 1.05 0.00018 t 0.0262  
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 steel 0.0000 1.10 0.00001 t 0.0012  
 aluminium 0.0000 1.05 0.00003 t 0.0090  
grommet plastic 0.0000 1.05 0.00000 t 0.0003  
screw steel 0.0000 1.10 0.00001 t 0.0005  
screw steel 0.0000 1.10 0.00003 t 0.0026  
shaft plastic 0.0000 1.05 0.00001 t 0.0008  
cord, service copper 0.0001 1.05 0.00015 t 0.0450  
 plastic 0.0000 1.05 0.00004 t 0.0054  
lever assembly plastic 0.0000 1.05 0.00001 t 0.0009  
 steel 0.0000 1.10 0.00000 t 0.0001  
sleeve plastic 0.0000 1.05 0.00002 t 0.0028  
panel, top plastic 0.0016 1.05 0.00168 t 0.2382  
hook plastic 0.0000 1.05 0.00004 t 0.0057  
instruction booklet timber - softwood 0.0001 1.02 0.00032 m3 0.0017 paper: assume twice rate for softwood, by mass 
instruction booklet timber - softwood 0.0000 1.02 0.00004 m3 0.0002 paper: assume twice rate for softwood, by mass 
service card timber - softwood 0.0000 1.02 0.00003 m3 0.0002 paper: assume twice rate for softwood, by mass 
bag plastic 0.0000 1.05 0.00001 t 0.0008  
strap plastic 0.0000 1.05 0.00003 t 0.0040  
bag plastic 0.0000 1.05 0.00004 t 0.0051  
packing timber - softwood 0.0001 1.02 0.00056 m3 0.0030 cardboard: density 0.25 t/m3, pro rata softwood 0.5 t/m3 
cap plastic 0.0000 1.05 0.00005 t 0.0064  
frame plastic 0.0001 1.05 0.00008 t 0.0119  
clamp plastic 0.0000 1.05 0.00000 t 0.0005  
ring plastic 0.0000 1.05 0.00001 t 0.0013  
bag plastic 0.0000 1.05 0.00000 t 0.0002  
washer plastic 0.0000 1.05 0.00000 t 0.0002 rubber: assume rate for general plastic  
 aluminium 0.0000 1.05 0.00000 t 0.0003  
washer plastic 0.0000 1.05 0.00000 t 0.0002 rubber: assume rate for general plastic  
hose, inlet plastic 0.0004 1.05 0.00044 t 0.0625 rubber: assume rate for general plastic  
 plastic 0.0001 1.05 0.00006 t 0.0083  
 aluminium 0.0000 1.05 0.00001 t 0.0018  
ring assy. plastic 0.0006 1.05 0.00063 t 0.0893  
cover plastic 0.0003 1.05 0.00028 t 0.0402  
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screw steel 0.0000 1.10 0.00001 t 0.0006  
screw steel stainless 0.0000 1.10 0.00004 t 0.0214  
screw steel stainless 0.0000 1.10 0.00003 t 0.0186  
screw steel stainless 0.0000 1.10 0.00001 t 0.0041  
baffle plastic 0.0000 1.05 0.00003 t 0.0045  
clamp aluminium 0.0001 1.05 0.00009 t 0.0220  
screw steel stainless 0.0000 1.10 0.00004 t 0.0202  
gasket plastic 0.0000 1.05 0.00001 t 0.0019 rubber: assume rate for general plastic  
plate aluminium 0.0008 1.05 0.00086 t 0.2231  
agitator plastic 0.0004 1.05 0.00044 t 0.0625  
bowl steel stainless 0.0026 1.10 0.00282 t 1.6088  
hose plastic 0.0000 1.05 0.00001 t 0.0012 rubber: assume rate for general plastic  
 plastic 0.0002 1.05 0.00016 t 0.0226  
clamp steel 0.0000 1.10 0.00002 t 0.0015  
panel fc sheet 4.5mm 0.0007 1.05 0.00091 m3 0.0002 masonite: assume rate for fc sheet, density 0.8 t/m3 
tie plastic 0.0000 1.05 0.00000 t 0.0004  
clip steel 0.0000 1.10 0.00000 t 0.0004  
tube plastic 0.0000 1.05 0.00002 t 0.0032 rubber: assume rate for general plastic  
clamp steel 0.0000 1.10 0.00000 t 0.0001  
protector plastic 0.0000 1.05 0.00000 t 0.0005 rubber: assume rate for general plastic  
pad plastic 0.0000 1.05 0.00005 t 0.0072 rubber: assume rate for general plastic  
cover plastic 0.0000 1.05 0.00004 t 0.0051  
screw steel 0.0000 1.10 0.00000 t 0.0003  
wiring harness plastic 0.0002 1.05 0.00016 t 0.0223  
 copper 0.0001 1.05 0.00009 t 0.0274  
 copper 0.0000 1.05 0.00001 t 0.0039 brass: assume rate for copper 
clamp steel stainless 0.0000 1.10 0.00002 t 0.0090  
 steel 0.0000 1.10 0.00000 t 0.0004  
hose plastic 0.0001 1.05 0.00010 t 0.0141 rubber: assume rate for general plastic  
pump plastic 0.0000 1.05 0.00003 t 0.0048  
 plastic 0.0000 1.05 0.00000 t 0.0002 rubber: assume rate for general plastic  
 plastic 0.0000 1.05 0.00004 t 0.0058  
 copper 0.0003 1.05 0.00033 t 0.0976  
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 steel 0.0000 1.10 0.00004 t 0.0042  
 steel 0.0000 1.10 0.00000 t 0.0005  
 plastic 0.0000 1.05 0.00001 t 0.0015  
 steel 0.0001 1.10 0.00010 t 0.0096  
screw steel 0.0000 1.10 0.00001 t 0.0010  
cap plastic 0.0000 1.05 0.00005 t 0.0066  
rod steel 0.0006 1.10 0.00063 t 0.0613  
 plastic 0.0001 1.05 0.00014 t 0.0204  
 plastic 0.0000 1.05 0.00001 t 0.0009 rubber: assume rate for general plastic  
lever plastic 0.0001 1.05 0.00009 t 0.0131  
 steel 0.0000 1.10 0.00002 t 0.0024  
washer plastic 0.0000 1.05 0.00000 t 0.0000  
trigger steel 0.0000 1.10 0.00003 t 0.0031  
link plastic 0.0000 1.05 0.00001 t 0.0008  
spring steel 0.0000 1.10 0.00002 t 0.0019  
pawl plastic 0.0000 1.05 0.00000 t 0.0003  
spring steel 0.0000 1.10 0.00000 t 0.0002  
nut steel 0.0000 1.10 0.00001 t 0.0014  
washer steel 0.0000 1.10 0.00003 t 0.0034  
pulley steel 0.0002 1.10 0.00018 t 0.0172  
belt plastic 0.0000 1.05 0.00001 t 0.0020 rubber: assume rate for general plastic  
tie plastic 0.0000 1.05 0.00000 t 0.0002  
bracket steel 0.0001 1.10 0.00006 t 0.0056  
screw steel 0.0000 1.10 0.00001 t 0.0008  
spring steel 0.0000 1.10 0.00002 t 0.0024  
boss steel 0.0001 1.10 0.00006 t 0.0056  
cap plastic 0.0000 1.05 0.00000 t 0.0004  
ratchet plastic 0.0000 1.05 0.00002 t 0.0023  
screw steel 0.0000 1.10 0.00003 t 0.0027  
washer steel 0.0000 1.10 0.00003 t 0.0025  
bracket steel 0.0000 1.10 0.00004 t 0.0043  
screw steel 0.0001 1.10 0.00008 t 0.0079  
screw steel 0.0000 1.10 0.00004 t 0.0038  
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screw steel 0.0000 1.10 0.00002 t 0.0016  
gear plastic 0.0001 1.05 0.00005 t 0.0076  
gear steel 0.0001 1.10 0.00007 t 0.0069  
shaft steel 0.0001 1.10 0.00009 t 0.0085  
shaft steel 0.0002 1.10 0.00022 t 0.0214  
gearbox housing steel 0.0005 1.10 0.00060 t 0.0585  
 aluminium 0.0002 1.05 0.00025 t 0.0637  
circlip steel 0.0000 1.10 0.00000 t 0.0001  
washer steel 0.0000 1.10 0.00000 t 0.0001  
pinion steel 0.0001 1.10 0.00008 t 0.0075  
washer steel 0.0000 1.10 0.00000 t 0.0000  
circlip steel 0.0000 1.10 0.00000 t 0.0000  
oil (ml) oil 0.0001 1.00 0.00008 m3 0.0026 enthalpy @34 GJ/m3, density: 1, prim. energy factor: 1.4 
gasket plastic 0.0000 1.05 0.00000 t 0.0002 rubber: assume rate for general plastic  
housing steel 0.0003 1.10 0.00035 t 0.0339  
seal plastic 0.0000 1.05 0.00000 t 0.0005 rubber: assume rate for general plastic  
seal plastic 0.0000 1.05 0.00001 t 0.0008 rubber: assume rate for general plastic  
washer steel 0.0000 1.10 0.00001 t 0.0007  
bearing plastic 0.0000 1.05 0.00000 t 0.0003  
 steel 0.0001 1.10 0.00012 t 0.0116  
bearing plastic 0.0000 1.05 0.00000 t 0.0004  
 steel 0.0001 1.10 0.00014 t 0.0137  
seal plastic 0.0000 1.05 0.00001 t 0.0012 rubber: assume rate for general plastic  
 steel 0.0000 1.10 0.00004 t 0.0036  
frame steel 0.0013 1.10 0.00146 t 0.1426  
frame steel 0.0018 1.10 0.00196 t 0.1906  
spacer plastic 0.0000 1.05 0.00002 t 0.0022  
clip steel 0.0000 1.10 0.00000 t 0.0005  
bowl plastic 0.0027 1.05 0.00280 t 0.3975  
leg plastic 0.0000 1.05 0.00004 t 0.0063  
leg socket plastic 0.0000 1.05 0.00004 t 0.0062  
leg bracket plastic 0.0001 1.05 0.00014 t 0.0192  
wrap steel 0.0094 1.10 0.01029 t 1.0031  
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pulley aluminium 0.0005 1.05 0.00056 t 0.1442  
motor copper 0.0008 1.05 0.00085 t 0.2533  
 steel 0.0018 1.10 0.00195 t 0.1901  
 aluminium 0.0000 1.05 0.00000 t 0.0002  
 plastic 0.0000 1.05 0.00003 t 0.0036  
 aluminium 0.0001 1.05 0.00007 t 0.0169  
 steel 0.0012 1.10 0.00130 t 0.1263  
motor steel 0.0001 1.10 0.00011 t 0.0103  
 plastic 0.0001 1.05 0.00009 t 0.0127  
 copper 0.0001 1.05 0.00007 t 0.0203  
 plastic 0.0000 1.05 0.00002 t 0.0028  
 aluminium 0.0000 1.05 0.00000 t 0.0013  
 steel 0.0000 1.10 0.00001 t 0.0005  
 steel 0.0000 1.10 0.00001 t 0.0009  
 plastic 0.0000 1.05 0.00000 t 0.0003  
        
        
Direct energy    0.33 GJ  
Initial Embodied Energy (excluding direct energy)   6.24 GJ  
Initial Embodied Energy (including direct energy)   6.57 GJ  
Table H9  Embodied energy worksheet for Washing Machine case study 
NB: values may not sum, due to rounding error. 
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Appendix I 
 
Allocation of Material and Item Inputs to Input-Output Paths 
Table I1 to I9 list the case study materials and items that were allocated to each of 
the I-O paths. This list shows the materials for which process data was available to 
replace the I-O paths in the I-O model, for the purpose of deducting these paths from 















Case Study 1a: Ecohouse 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Residential Building    
1 Ceramic products  bricks, ceramics, vitreous 
china 
exterior wall cladding, ceramic tiles, toilet, hand basin, brick fence 
2 Cement, lime and concrete 
slurry 
 concrete 30MPa stumps, strip/pad footings, stairs, front patio, 15MPa mortar, 20MPa 
driveway, carport floor 
4 Other non-metallic mineral 
products 
 fibreglass batts R2.5 roof insulation 
6 Iron and steel  steel gate 
11 Other wood products  timber, 
MDF/particleboard, 
laminate 
trusses, window frames, hollow core doors, wardrobes, kitchen cupboards 
18 Sawmill products  timber bearers, joists, flooring, battens, bracing, lintels, cladding, fascia, architrave, 
framing, skirting, cornice, shelves, cupboard, paling fence, posts and rails, 
verandah, deck 
20 Plaster and other concrete 
products 
 plasterboard, fc sheet, 
cement roof tiles 
13mm ceiling lining, roof tiles, eaves lining, 10mm wall lining 
22 Other mining  sand, screenings stormwater pipes, driveway/carport base 
27 Structural metal products  steel reinforcement, posts 
35 Fabricated metal products  steel fixings, ant caps, brick ties, window furniture, door furniture, wardrobes, kitchen 
cupboards, toilet, tap ware, post shoes 
41 Basic non-ferrous metal 
and products 
 copper, reflective foil hot/cold water pipes, gas pipe, sarking, damp proof course, reflective insulation 
43 Other electrical equipment Basic non-ferrous metal 
and products 
copper, aluminium electrical wire, switchboard, light fittings, power outlets, exhaust fans 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
48 Textile products  carpet floor covering 
60 Glass and glass products  clear float glass, 
toughened glass 
4mm window glazing, 6mm window glazing 
72 Household appliances  household appliances stove, refrigerator, air conditioner, space heater, gas hot water system 
84 Plastic products  vinyl flooring, plastic, 
UPVC pipe 100mm 
floor covering, toilet, waste pipes, stormwater pipes 
102 Sheet metal products  steel, stainless steel gutters, downpipes, laundry trough, kitchen sink 
121 Other electrical equipment Iron and steel steel switchboard, light fittings, power outlets, exhaust fans 
190 Paints  paint fascia, windows, architraves, doors, exterior cladding, internal walls, ceiling, 
cupboards, gate, verandah 
1348 Other electrical equipment Glass and glass products toughened glass light fittings 
2812 Other electrical equipment Plastic products plastic, UPVC pipe 20mm wiring, switchboard, light fittings, power outlets, exhaust fans, conduit 
Table I1  Allocation of process quantities to input-output paths for Ecohouse case study 
 
Case Study 1b: Refurbished Ecohouse 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Residential Building    
1 Ceramic products  tiles, ceramic wet area ceramic tiles 
2 Cement, lime and concrete 
slurry 
 concrete all grades stumps, strip/pad footings, screed, mortar, post support, water tanks 
4 Other non-metallic mineral 
products 
 fibreglass batts R2.5, 
granite 
floor, roof, wall, fridge, signboard insulation, stone steps 
6 Iron and steel  steel gate 
11 Other wood products  timber, 
MDF/particleboard, 
laminate 
window frames, door frames, kitchen bench, office bench, signboard, plywood 
edging 
18 Sawmill products  timber beading, bearers, joists, flooring, ramp, exterior cladding, wall framing, storage 
cabinet, cold storage, deck, pergola, screen fence, posts, rails 
20 Plaster and other concrete 
products 
 fc sheet 6mm storage cabinet 
22 Other mining  sand, screenings stormwater pipes, water tanks, ramp/path 
27 Structural metal products  steel reinforcement 
35 Fabricated metal products  steel SHS posts, window fixings, ant caps, window furniture, door furniture, fixings, 
post shoes, SHS, rods 
41 Basic non-ferrous metal 
and products 
 copper, reflective foil, 
aluminium 
hot/cold water pipes, gas pipe, damp proof course, reflective insulation, fly 
screens, solar tubes 
43 Other electrical equipment Basic non-ferrous metal 
and products 
copper, aluminium electrical wire, module frame 
48 Textile products  carpet floor covering 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
60 Glass and glass products  clear float glass 4mm window glazing, 4mm door glazing 
72 Household appliances  household appliances, 
SHWS 
refrigerator, water treatment, solar hot water system 
84 Plastic products  vinyl flooring, plastic, 
UPVC pipe 100mm, 
membrane, laminate 
marmoleum, plastic sheet, waste pipes, stormwater pipes, fly screens, solar tubes, 
laminate 
102 Sheet metal products  steel gutters, downpipes 
190 Paints  paint windows, architraves, doors, exterior cladding, internal walls, ceiling, floor, gate, 
deck, pergola, signboard 
2812 Other electrical equipment Plastic products plastic wiring, EVA foam 
Table I2  Allocation of process quantities to input-output paths for refurbished Ecohouse case study 
 
Case Study 2: BiPV 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Other Electrical Equipment   
1 Basic non-ferrous metal 
and products 
 aluminium module frame 
5 DIRECT  direct energy of 
manufacture 
silicon production, silicon purification, crystallisation and contouring, 
overhead/equipment, cell processing, module assembly 
73 Plastic products  plastic EVA foam 
Sector: Residential Building   
41 Basic non-ferrous metal 
and products 
 reflective foil roof sarking 
102 Sheet metal products  decking - colourbond roofing 
Table I3  Allocation of process quantities to input-output paths for BiPV case study 
 
Case Study 3: BiPV HRU 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Other Electrical Equipment   
1 Basic non-ferrous metal 
and products 
 aluminium module frame 
5 DIRECT  direct energy of 
manufacture 
silicon production, silicon purification, crystallisation and contouring, 
overhead/equipment, cell processing, module assembly 
73 Plastic products  plastic EVA foam, fan blades, insulation 
355 Other wood products  plywood heat recovery unit base 
399 Paints  paint fan, heat recovery unit 
Sector: Residential Building    
41 Basic non-ferrous metal 
and products 
 reflective foil roof sarking 
102 Sheet metal products  decking - colourbond roofing 
Sector: Sheet Metal Products    
1 Iron and steel  steel ducting 
Table I4  Allocation of process quantities to input-output paths for BiPV HRU case study 
 
Case Study 4: Toyota Head Office 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Other Construction   
3 Cement, lime & con slurry  concrete, granite slab, stairs, external walls, internal walls, floor finishes 
11 Other mining  sand, screenings slab base 
12 Ceramic products  ceramic, brick tile floor finish, internal walls 
13 Glass and glass products  clear float/toughened glass roof glazing, windows, door glazing, screens, balustrades,  
23 Fabricated metal products  steel, stainless steel fixings, roof frame, handrails, stair frame, window frames/support, door furniture, 
wall frame, floor 
29 Basic non-ferrous metal 
and products 
 aluminium roof canopy, roof frame, gutters, downpipes, parapet lining, external walls, 
window frames, door frames, internal walls, balustrade, grid mesh, floor 
30 Plaster & other conc. prods  plasterboard, fc sheet external walls, internal walls, ceiling 
35 Structural metal products  steel reinforcement, columns, beam 
54 Other wood products  timber, MDF/particleboard external doors, fire doors, internal walls, internal doors, wall finishes, floor 
87 Textile products  carpet carpet tiles, floor covering, mats 
93 Sawmill products  timber - softwood and 
hardwood 
wall finishes 
142 Plastic products  vinyl flooring, plastic, 
membrane 
internal walls, ceiling, floor, slab base 
147 Sheet metal products  steel floor decking, roof decking, gutters, downpipes, walkway 
205 Paints  paint columns, handrails, tanking, external walls, external doors, fire doors, internal 
walls, internal doors, ceilings 
Table I5  Allocation of process quantities to input-output paths for Toyota Head Office case study 
Case Study 5: Darebin Velodrome 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Other Construction   
2 Iron and steel  steel angle, formwork, wire 
3 Cement, lime and concrete 
slurry 
 concrete bored piers, pile cap, slabs, walls, beams, ground pad, retaining wall, blinding, 
sprayed concrete, precast concrete, columns, grout, stairs, blockwork, mortar, 
render, floor finish, screeds, inspection pit cover, grease trap cover, stormwater 
pits, sewer pumpwell, pavement, footings, kerb and channel 
5 Other non-metallic mineral 
products 
 fibreglass batts R2.5 wall insulation 
11 Other mining  sand, screenings slab base, surround for stormwater pipes, access track, pavement base, fill 
12 Ceramic products  ceramic tile wall finish, tile floor finish, toilet suite, basin 
13 Glass and glass products  clear float glass windows, door glazing, screens, shelving, mirror 
23 Fabricated metal products  steel, stainless steel fixings, stair frame, catwalk, ladder, handrails, balustrades, roof framing, 
platform, bracing, safety line, wall frame, rainwater head, rood access hatch, 
window hardware, door frame, roller shutter, roller grille, door hardware, screen 
hardware, cornice, ceiling suspension, soap dish, toilet roll holder, coat hooks, 
grab rails, shower seats, sink, tap ware, waste gully, water pipes, valve box, fire 
pipes, gas pipes, grates, fire hydrant, fire hose reel, fire extinguisher, glass rack, 
fence rails, gates, screen, seats, timing posts 
29 Basic non-ferrous metal 
and products 
 copper, reflective foil, 
aluminium 
water pipes, gas pipes, wall insulation, window frames, window trim, fly wire 
screens, door frames, screen frames, screen trim, skirtings, shower seats 
30 Plaster and other concrete 
products 
 plasterboard, fibre cement 
sheet 
external walls, ceiling, stormwater pipes 
35 Structural metal products  steel reinforcement, columns, beams, lintels, posts 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
54 Other wood products  timber, 
MDF/particleboard, 
laminate 
fillet, roof substrate, external doors, internal walls, internal doors, skirtings, 
ceiling access panel, bench top, bench seat, locker support, coat rail, cupboard, 
splashback, bar unit, counter, shelving, bulkhead, bench unit, counter unit, mirror 
backing,  
87 Textile products  carpet floor covering, mats, fire blanket 
93 Sawmill products  timber - softwood and 
hardwood 
formwork 
142 Plastic products  vinyl flooring, plastic, 
UPVC, membrane 
floor finish, skirtings, seats, fence, safety mesh, skylights, floor wastes, soap 
dispenser, paper towel dispenser, waste pipes, grease drains, vent pipes, water 
pipes, fire pipes, sewer pipes, stormwater pipes, subsoil pipes, fire hose reel, damp 
proof course, roof, tanking, slab base 
147 Sheet metal products  steel, stainless steel roof decking, box gutters, downpipes, flashings, head trim, soffit linings, parapet 
lining, external walls, kickplate, internal walls 
205 Paints  paint window trim, screen trim, internal walls, skirtings, floor, doors, ceiling, steelwork, 
bench seat, locker support, line markings 
247 Household appliances  household appliances hot water systems 
Table I6  Allocation of process quantities to input-output paths for Darebin Velodrome case study 
 
Case Study 6: Solar Hot Water System 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Household Appliances    
1 Iron and steel  steel absorber plate, storage tank jacket and container 
6 Basic non-ferrous metal 
and products 
 aluminium, magnesium glazing angle, collector casing, storage tank outer casing, anode 
11 Glass and glass products  clear float glass collector glass, storage tank lining 
36 Other non-metallic mineral 
products 
 fibreglass batts collector insulation, storage tank insulation 
75 Plastic products  plastic storage tank casing ends 
173 Paints  paint absorber plate finish 
Table I7  Allocation of process quantities to input-output paths for Solar Hot Water System case study 
 
Case Study 7: Royal Domain Office Building 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Other Construction   
3 Cement, lime and concrete 
slurry 
 concrete, granite slab, columns, upper floors, stairs, roof, external walls, external doors, internal 
walls, internal doors, wall finishes, floor finishes, plumbing, paving, lifts 
5 Other non-metallic mineral 
products 
 fibreglass batts roof, plumbing, air conditioning 
11 Other mining  sand, screenings slab base, stormwater 
12 Ceramic products  ceramic tile floor finish, internal walls, stairs 
13 Glass and glass products  clear float glass, 
toughened glass 
windows, door glazing, screens, lifts 
23 Fabricated metal products  steel, stainless steel fixings, roof frame, handrails, stair frame, door furniture, wall frame 
29 Basic non-ferrous metal 
and products 
 aluminium, copper external walls, doors, screens, plumbing, electrical, lifts 
30 Plaster and other concrete 
products 
 plasterboard, fibre cement 
sheet 
internal walls, screens, ceiling, lifts, external walls 
35 Structural metal products  steel reinforcement, columns 
54 Other wood products  timber, MDF/particleboard formwork, external walls, screens, wall finishes, fitments, doors 
87 Textile products  carpet floor covering 
93 Sawmill products  timber - softwood and 
hardwood 
wall finishes 
142 Plastic products  vinyl flooring, plastic, 
membrane, UPVC pipe 
internal walls, floor, slab base, roof, external walls, screens, plumbing, lifts, 
electrical 
147 Sheet metal products  steel roof decking 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
205 Paints  paint external walls, external doors, internal walls, ceiling, lifts 
Table I8  Allocation of process quantities to input-output paths for Royal Domain Office Building case study 
 
Case Study 8: Washing Machine 
 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
Sector: Household Appliances    
1 Iron and steel  steel, stainless steel rod 
3 Other electrical equipment Basic non-ferrous metal 
and products 
copper, aluminium switch, pressure switch, valve, timer, capacitor, cord service, wiring harness 
6 Basic non-ferrous metal 
and products 
 copper, aluminium plate 
13 Sheet metal products Iron and steel steel lid, panel, wrap 
16 Other electrical equipment Iron and steel steel switch, pressure switch, valve, timer 
20 Sheet metal products Basic non-ferrous metal 
and products 
aluminium plate 
30 Fabricated metal products Iron and steel steel, stainless steel screw, clip, circlip, nut, spring, clamp, lever assembly, bowl, lever, trigger, 
washer, pulley, bracket, boss, gear, shaft, gearbox housing., pinion, bearing, seal, 
frame, housing 
35 Paper containers and 
products 
Pulp, paper and 
paperboard 
paper and cardboard carton sleeve, corner post, bottom tray, top tray, support packing, packing 
36 Other non-metallic mineral 
products 
 fibre cement sheet panel 
68 Fabricated metal products Basic non-ferrous metal 
and products 
copper, aluminium washer, hose inlet, clamp, gearbox housing., pulley 
75 Plastic products  plastic, oil hinge, knob, knob insert, washer, seal, clip, tube, rod, panel, gasket, plate, cover, 
button, bracket, lever, shaft, lever assembly, sleeve, panel top, hook, bag, strap, 
cap, frame, clamp, ring, ring assembly, baffle, agitator, hose, tie, tube, link, pawl, 
ratchet, seal, bearing, spacer, bowl, leg, leg socket, leg bracket, gear, oil 
Path 
No. Stage 1 input Stage 2 input Materials Items included 
97 Printing and services to 
printing 
Pulp, paper and 
paperboard 
paper and cardboard instruction booklet, service card 
128 Electronic equipment Iron and steel steel control unit, pump, motor 
130 Electronic equipment Basic non-ferrous metal 
and products 
copper, aluminium control unit, pump, motor 
279 Rubber products  rubber seal, belt, rod, hose, protector, pad, tube, hose inlet, washer, grommet, gasket 
332 Other electrical equipment Plastic products plastic switch, pressure switch, valve, timer, capacitor, cord service, wiring harness 
808 Electronic equipment Plastic products plastic control unit, pump, motor 
Table I9  Allocation of process quantities to input-output paths for Washing Machine case study 
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Appendix J 
 
Case Study Material Group Breakdown 
This appendix shows the case study specific breakdown of the IOH-LCIA embodied 
energy of the material inputs on a material group level. The material groupings are 
listed in Table 5.9 in Section 5.5.1. The proportion of process and I-O data 
components in the total embodied energy of each of the material groups are also 
shown. 


















Figure J1  Ecohouse material group breakdown of input-output-based hybrid 
embodied energy (GJ/m2) 
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Figure J2  Refurbished Ecohouse material group breakdown of input-output-
based hybrid embodied energy (GJ/m2) 
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Figure J3  BiPV material group breakdown of input-output-based hybrid 
embodied energy (GJ/m2) 
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Figure J4  BiPV HRU material group breakdown of input-output-based hybrid 
embodied energy (GJ/m2) 
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Figure J5  Toyota Head Office material group breakdown of input-output-
based hybrid embodied energy (GJ/m2) 
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Figure J6  Darebin Velodrome material group breakdown of input-output-
based hybrid embodied energy (GJ/m2) 
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Figure J7  Solar Hot Water System material group breakdown of input-output-
based hybrid embodied energy (GJ/m2) 
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Figure J8  Royal Domain Office Building material group breakdown of input-
output-based hybrid embodied energy (GJ/m2) 
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Figure J9  Washing Machine material group breakdown of input-output-based 
hybrid embodied energy (GJ)
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Appendix K 
 
Comparative Analysis of Individual Case Study Material Inputs 
The following graphs represent the results from the comparative analysis of the eight 
case studies. This comparison looks at the relationship between the modified process 
values for the material inputs for each case study, and the equivalent I-O values from 
the I-O model that are replaced in the I-O model with these respective process 
values. The purpose of this comparison was to look at the possibility and 
appropriateness of using I-O values to replace the need for process values in LCIA. 
The comparison between process and equivalent I-O values for the combined 


























Figure K1  Comparison of input-output values and process values for material 
inputs of Ecohouse case study 
I-O Value (GJ/unit) 
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Figure K2  Comparison of input-output values and process values for material 


























Figure K3  Comparison of input-output values and process values for material 
inputs of BiPV case study 
I-O Value (GJ/unit) 
I-O Value (GJ/unit) 
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Figure K4  Comparison of input-output values and process values for material 


























Figure K5  Comparison of input-output values and process values for material 
inputs of Toyota Head Office case study 
I-O Value (GJ/unit) 
I-O Value (GJ/unit) 
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Figure K6  Comparison of input-output values and process values for material 

























Figure K7  Comparison of input-output values and process values for material 
inputs of Solar Hot Water System case study 
I-O Value (GJ/unit) 
I-O Value (GJ/unit) 
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Figure K8  Comparison of input-output values and process values for material 

























Figure K9  Comparison of input-output values and process values for material 
inputs of Washing Machine case study 
I-O Value (GJ/unit) 
I-O Value (GJ/unit) 
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Appendix L 
 
Density Conversion Factors 
The following table lists the conversion factors used to convert the volume of 
material quantities to mass terms. This table shows the respective densities of the 
main materials, as obtained from Ward-Harvey (1997). The material mass values 
were used in the embodied energy calculation described in Section 3.5.2. 
 
 






Stainless steel 8.1 
Steel 7.85 
Source: Ward-Harvey, 1997 
Table L1  Density conversion factors 
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Appendix M 
 
Input-Output Model Sector Complexity 
Table M1 lists the number of direct energy paths required to describe 90% of the TEI 
of the sectors of the 1992-93 I-O model, as a measure of the complexity of each 
sector. This list was compiled by Treloar (1998) and has been re-sorted from smallest 
to largest complexity. The greater the number of paths required to describe 90% of 
the sector TEI, the more complex the sector (Section 6.8). 
 
 
Sector Number of direct energy paths describing 90% of TEI 
cement and lime 1 
air and space transport 1 
ceramic products 2 
glass and glass products 3 
basic non-ferrous metal and products 3 
iron ores 5 
pulp, paper and paperboard 5 
water supply; sewerage and drainage services 5 
road transport 5 
other basic chemicals 7 
commercial fishing 9 
concrete slurry 9 
grains 10 
other repairs 12 
fertilisers 13 
other non-metallic mineral products 15 
agricultural machinery 16 
services to transport; storage 16 
other mining 17 
non-ferrous metal ores 18 
health services 21 
services to agriculture; hunting and trapping 22 
iron and steel 22 
other agriculture 28 
other paper products 30 
plaster and other concrete products 35 
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Sector Number of direct energy paths describing 90% of TEI 
personal services 35 
water transport 36 
forestry and logging 37 
beef cattle 55 
rail, pipeline and other transport 56 
sheep 65 
dairy products 73 
communication services 79 
fruit and vegetable products 84 
dairy cattle 88 
legal, accounting, marketing and business management services 92 
scientific research, technical and computer services 99 
textile fibres, yarns and woven fabrics 100 
sawmill products 100 
pigs 101 
community services 104 
other services 108 
paints 109 
other business services 111 
plywood, veneer and fabricated wood 115 
flour mill products and cereal foods 117 
plastic products 117 
other property services 126 
government administration 132 
paperboard containers; paper bags and sacks 136 
beer and malt 143 
printing and services to printing 156 
fabricated metal products 166 
sheet metal products 171 
wool scouring 183 
other electrical equipment 219 
other chemical products 227 
wholesale trade 233 
meat and meat products 244 
tobacco products 246 
bakery products 252 
accommodation, cafes and restaurants 254 
rubber products 255 
wine and spirits 257 
oils and fats 292 
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Sector Number of direct energy paths describing 90% of TEI 
other food products 293 
knitting mill products 302 
textile products 309 
poultry 342 
soap and other detergents 347 
mining and construction machinery; lifting and material handling equipment 347 
mechanical repairs 361 
soft drinks, cordials and syrups 365 
other machinery and equipment 382 
financial asset investors 402 
services to mining 450 
defence 458 
structural metal products 465 
other manufacturing 498 
clothing 512 
household appliances 528 
retail trade 534 
motor vehicles and parts; other transport equipment 544 
cosmetics and toiletry preparations 575 
confectionery 591 
residential building construction 592 
aircraft 600 
leather and leather products 671 
prefabricated buildings 704 
medicinal and pharmaceutical products; pesticides 730 
services to finance, investment and insurance 751 
publishing; recorded media and publishing 754 
ships and boats 775 
banking 781 
photographic and scientific equipment 786 
furniture 838 
other construction 865 
ownership of dwellings 954 
motion picture, radio and television services 966 
other wood products 974 
sport, gambling and recreational services 974 
electronic equipment 998 
education 1098 
railway equipment 1134 
libraries, museums and the arts 1150 
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Sector Number of direct energy paths describing 90% of TEI 
insurance 1596 
footwear 1637 
non-bank finance 3215 
Source: after Treloar, 1998 
Table M1  Input-output model sector complexity 
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Glossary 
 
cradle to grave a term used to describe the entire life cycle of a product 
direct energy intensity the direct energy required by a process, per unit of 
product 
direct energy the energy used directly within a process 
downstream a positive direction for the consideration of product flows 
(Treloar, 1998) 
economy cycle increasing the flow of outside air when outdoor 
temperatures are lower than indoor temperatures, to save 
energy 
gaps missing data, usually in process-based inventories 
greenhouse gases atmospheric gases which contribute towards the 
greenhouse effect, including CO2 
greenhouse effect the retention of heat in the atmosphere as a result of an 
increase in the levels of greenhouse gases 
indirect energy the energy inputs to a product from upstream goods and 
services 
inputs the flow of energy or goods and services from one sector 
to another 
modified paths those input-output model paths for which process data 
has been substituted 
paths a series of flows between sectors of the economy 
sectors the division of the economy for compiling input-output 
models 
total energy intensity the total energy required by a process, per unit of product 
unmodified paths those input-output model paths for which process data 
has not been substituted 
upstream a negative direction for the consideration of product 
flows (Treloar, 1998) 
 
 
 
 
 
 
